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Abstract No. 1

NUCLEATION OF LEAD SULFATE IN
POROUS LEAD-DIOXIDE ELECTRODES

followed by a nucleation period in which the

Dawn M. Rernardi maximum nucleation rate occurs. During the

Physical Chemistry Department growth period, relatively little nucleatlicn

General Motors Research Laboratories occurs, Figure 3 shows the behavior of the
lead ion concentration at various positions

Warren, Michigan 48090-9055 throughout the electrode cross lection for

In the lead-acid battery, the nucleation the discharge rate of 9.6 mA/cm. The

and growth of PbSO particles can influence minimum in potential (Fig. i) corresponds to

the voltage characteristics and determine the a maximum in lead-ion concentration, and the

available capacity by covering the active maximum supersaturation ratio is

material. During constant-current discharge approximately 2000. The shaded area of

of fully charged PbO lectrodes, a minimum Fig. 4 indicates estimates of lead-sulfate

at the beginning of ?he voltage-time curve is number densities obtained from scanning

observed. This phenomena is referred to as electron micrographs of experimental

the "coup de fouet' and is believed to be

caused by a supersaturated solution of lead large points indicate the number densities

ions occurring temporarily during calculated during the growth period. Two

discharge (I). The overall electrochemcial unknown quantities in the nucleation rate

discharge reaction expression (PbSO4 /elgctrolyte interfacial
free energy (8 x 10 J/cm and the

PbO 2  4H - 2e- Pb 2- 2H 20 fundamental lead-ion diffusion jump frequency
2 2 (10 a )) were adjusted to allow the model

produces lead ions, and the electrode voltage results to fall within the range of

(relative to a reference electrode) falls in experimentally expected values.

accordance with the degree of lead-ion In conclusion, the proposed theoretical

supersaturation until the PbSO4 nucleation approach is satisfactory for describing lead-

and growth processes sulfate nucleation phenomena in porous lead-
dioxide electrodes. Reasonable agreement

Pb 2- HSO4 - _ PbSO4 - H . between model and experimental results
upholds postulates that the voltage dip is

can overcome the electrochemical reaction caused by temporary lead-ion supersaturation.

process and thereby stabilize the potential
by reducing Pb supersaturation.

We present the results of a REFERENCES

i-dimensional mathematical model of a porous
lead-dioxide electrode. Although similar to 1. D. Berndt and E. Voss, *The Voltage
other models of these electrodes (2,3), the Characteristics of a Lead-Acid Cell During

model presented includes PbSD4 precipitate Charge and Discharge." Ratteriex 2 0. H.
nucleation and growth kinetics. Classical, Collins, Editor, 2, pp. 17-27, Pergamon

heterogeneous nucleation rate theory that is Press, Oxford (1965).

based on developments given by Moazed and
Hirth (4) is applied in the model. The 2. W. H. Tiedemann and J. Newman,
eletrolyte, which conslsts of H , HS04  and -Mathematical Modeling of the Lead-Acid
Pb ions in water, is treated with
concentrated electrolyte theory much like the Cell, in Sattery Denion and Uctimizati.n
treatment given by Sunu and Rennion (5) for S. Gross, Editor, 79-i, pp. 23-38, The

the electrolyte of the zinc-electrode. The Electrochemical Society Softbound Proceedings

model numerically solves eight finite Series, Princeton, NJ (1979).

difference equations: three material balance
equations for electrolyte species and solid 3. H. Du, T. V. Nguyen, and R. E. White, A
species, an electrochemical kinetic equation, Mathematical Model of a Lead-Acid Cell:
Ohm's law in the electrolyte phase and the Discharge. Rest, and Charge, Journal cI the
solid phase, an equation describing the Electrochemical Society, 134, 295-2960

electrolyte velocity, and a nucleation rate (December, 1987).

equation.
Figures Is and lb compare model and

experimental results (1) of the electrode 4. K. L. Moazed and J. P. Hirth, "On the
voltage, relative to a PbO /PbSO reference
electrode, for three discharge current Contact Angle in Heterogeneous Nucleation

densities. Figure 2 shows the calculated Upon a Substrate,' Surface Science 3, 49-61

lead-sulfate number density during discharge, (1964).

where number density is defined as particles
per unit PbO2 area within the electrode. 5. W. 0. Sunu and D. N. Bennion, 'Transient
(The variable x refers to the spatial and A of te Pou Zin
dimension through the electrode thickness L. and Failure Analyses of the Porous Zinc

The position x=L corresponds to the face of Electrode," Journal of the Electrochemical

the electrode in contact with a reservoir of Society 127, 2007-2016 (September, 1980).

electrolyte. The position x=O is at the

current collector within the electrode.) The 6 C. P. Wales and A. C. Simon, 'Effects of
slope of each curve in Fig. 2 is proportional Deep Cycling on Lead Positive Plates,'
to the nucleation rate. The nucleation rate Journal of the Electrochemical Society 128,
at initial time and long times is near zero. 251225l (Deember 1981).

We can distinguish an initial induction 2512-2517 (December, 1981).

period where the nucleation rate is low,
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Abstract No. 2

A MATHEMATICAL MODEL FOR DISCHARGE, CHARGE V(O) = VO-(I/A)ln(-I)+RI [7]

AND SELF-DISCHARGE OF A LEAD ACID CELL to the experimental initial voltage V(O)
and discharge currents I.N.F.Compagnone
Cmax and X2 are obtained by best fitting

Industrie Magneti Marelli S.p.A. the linearized Liebenow equation:

24058 Romano di Lombardia, BG (Italy) (1/ItL) - (i/Cmax)+( a/Cmax)(1/tL) [8]

The lead acid cell is schematically thought to the experimental transition times t and

as the site of two competing reactions:

charge and discharge (primary reaction) and 3 is derived from the slope B/ of thegas evolution (secondary reaction). 3i eie rmtesoeIb, o h
cell voltage with respect to inOX according

Each reaction is described by a Butler- to the equation:
Volmer type equation: V- VO-(1/,)ln(-I)+(5/ )lnOX.RI [9

I1 = H(V(RD)Re A value of 3/& constantly near 0.075 is
-D A (V..VO.RI1) observed.

- H12(OX) - - II At asfficiently high overcharge rates, eq.L1]

(2 -eG(V0O) -G O) and the second term of the right-hand side

2 - H2 G(V-UO) [2] member of eq. [2] can be neglected.

The experimental steady state overcharge

The 'wo reactions are driven by the same characteristic I(V) of the cell is plotted.

voltage V. The sum of their rates II and 12 UO is the equilibrium voltage 1.23 V of the
equals the externally impressed current I: sodeeacion.secondary reaction.

II + 12 - I [3] H2 and G are determined by best fitting the
equation:

1-0 is the self-discharge state while,
conventionally, I0 and I<0 are the charge Inl - inH2 + G(V-UO) [-i)
and discharge conditions, respectively, to the experimental I(V) data. A value of G

All the parameters of eq. [1] and [2] are constantly near 10 V-1 is observed.
constant except RD and OX which, for the
step S at time t(S) of a step current The remaining parameters H12 and yi are
discharge-charge cycle, are functions of evaluated tentatively by comparing
the previous current-time history: calculated with experimental charge voltages

s during the charge phase of a simple
_4i2. -:-..U( =2- discharge-charge cycle.

RD L ILrd(t(S)-t(k-1)) The system of the two eq. [13 and [2] with

5 the condition [33 is solved numerically.

- 1 [5L-t1k-1)) As a surely convergent iteration algorithm,ox.t()t~-) the bisection method (5) is suggested.

Eq. [41] and [5] , which are similar to the As response to a step current discharge
analytical expression of the Hoxie-IEE(1,2) and charge cycle which may include rest
antica xresiong eadcidbattiesE, periods, the model yields the profiles of
method for sizing lead acid batteries, are
the central algorithms of the model. They voltage, primary and secondary currents,
are derived from the superposition principle gassing rates, apparent and real state of

applied to a linear diffusion mechanism (3). charge of the cell.

The limiting current functions ILrd(t) and If a cycle includes constant power W or
ILox(t) are well described by the Liebenow constant voltage V phases, these must be
equation (4): converted into a conveniently high number

- Cmax of short current steps, with the appropriate
IL(t) ----------- [6] condition IxV = W or V. V imposed at

t ff-t the end of each step, so that equations [4]
end [5] can still be used.

where - i for ILrd(t) and -)' for ILox(t).

The parameters are evaluated as follows: REFERENCES

1. E.A.HoxieIEEE Trans.(Appl.Ind.),Vol. 73
H12 is a redundant parameter as it may be p. 17, (1954)
included in the exp(kVO) term. Thus,
conveniently, H12 is set equal to . 2. IEEE Std 485, (1978)

At sufficiently high discharge rates, eq.[2] 3. J.Crank,"The Mathematics of Diffusion",

and the first term of the right-hand side pp. 11-12, Oxford University Press,
member of eq. [1 can be neglected. London, (1957)

The experimental discharge curves V(t) of 4. LiebenowZaitachrift fir Elektrochemie,

the initially fully charged cell, are p. 58, (1897)
plotted for different discharge rates I. 5. S.D.Conte,C.deBoor,"Elementary Numerical

an are obtained by best fitting Analysis: An Algorithmic Approach",
V0, and : McGraw Hill Book Co., New York, (1981)
the equation:
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APPLICATION OF TRANSMISSION LINE ANALYSIS

TO POROUS BATTERY ELECTRODES . , , , a

Digby D. Macdonald, Stephen J. Lenhart, om-'n Pm.O,'. S. Oin'55

and Bruce G. Pound - -0

SRI International, Menlo Park, CA 94025 a

AC impedance spectra of porous nickel battery

electrodes were recorded periodically during

charge/discharge cycling in concentrated KOH solution

at various temperatures. A transmission line model RE s, Rs s1- .1-d.
(TIM) (Figures 1 and 2) was adopted to represent the

impedance of the porous electrodes, and various model ,.0 ,,.s,, s,-m .

parameters were adjusted in a curve fitting routine to 5.

reproduce the experimental impedances. A typical

example of this type of analysis is shown in Figures 3 F'0 n2 orcec,,rcskeco c,.ese II'55
and 4 in which calculated and measured impedance data ., .. .. o .. '..o..

are compared after cycling a rolled and bonded

Ni(OH)2 /NiOOH electrode twice to 100% DOD. ,.

Degradation processes were deduced from changes in

model parameters with electrode cycling time. In

developing the TIM, impedance spectra of planar (non-

porous) electrodes were used to represent the pore

wall and backing plate interfacial impedance. These 3

data were measured over appropriate ranges of crrv Cacuac-

potentials and t.mperature, and an equivalent circuit
model was adopted to represent the planar electrode 

&

data. Cyclic voltasmetry was used to study the 'N
characteristics of the oxygen evolution reaction on 2

planar nickel electrodes during charging, since oxygen -

evolution can affect battery electrode charge

efficiency and ultimately electrode cycle life if the

overpotential for oxygen evolution is sufficiently

low.

Transmission line modeling results suggest that "-

porous rolled and bonded nickel electrodes undergo ___ _ "__"_"_

restructuring during charge/discharge cycling prior to

failure. The average pore length and the number of
active pores decreases during cycling. while the

average solid phase resistivity increases. The a L

average solution phase resistivity remains relatively 
2 4

constant during cycling, and the total porous log "rad ,

electrode impedance is relatively insensitive to the s c::.

solution/backing plate interfacial impedance. F;..,e 3 e-e' a nd ciculaed lg Z s's kng Ia at 5'i .a-,
23 C or a 'n~ed snd consco porous en'cc, 2n3,v ,g's :e
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Abstract No 4

THE EFFECT OF SINITER RU PTURE ANI) SOLID current collector and the oxidc in this region discharges miore
PHIASE RESISTANCE ON CAPACITY RETENTION rapidlythnheblofhelerd.Tislasore

IN TE NCKE OXIE EECTODEformation of a discharged, insulat ing laver as shown in Fig.
The formiation of this layer leads to a p'remature rise iii the

Oscar Lanzi arid fUiel Landau oltitnic potential drop and hence to the observed loss inl
Dept. of Chemical Engineering capacity (Fig. 6).

Case Western Reserve University The important limitation on electrode performiance is
Cleveland, OH 44106 lie voltage drop in the hydrated oxide phase. For a given

en cretit and charge distribution dimensional anais shows

The nickel oxide electrode is used as thle posit ive o1l1 a - 2~~ sIs .
elctirode iii several differeiit types of batteries (e. g.. the o ()-o() avgII
tiickel-vadriiium. nickel-hydiogen. nickel-iron and
tickel-zintc). It can be reversibhE charged and discharged via so that a redusctio ottf tile length 1, through swiclh elect roii i
the react ion formally written as' eurrent m tust pentet rate the hyd'irat ed oxide si gnificant lv

lowers thle voltage drop andi allowes for greater capacity
Discharge reteniiinu. This relationi is independenit of the assumned f valiti

-Ni) 01W + Oil CIag NiOOll + 1120 + e- [11 or the solid phase conductivil y as a fiinct ioti of tile st ate of
irecharge, and it call he applied directly' to experimental

Typically. thle electrode is fabricated by, depositing thne captacity -rate data to calculate the effect of reducing L.
hy, drated nickel oxide in a metallic nickel sinier msatrix, U~sing data front Ref. (1) it can be shown that the capacity'
intetnded to provide electronic conduction (Fig, 1 ). The retention for a cycled electrode cail be increased by as, iili

el1ectrolyte is usually concetntrated I OH solition. It is as 107, at typical discharge rates: this is a significatt
geiierall 'v obiserved that after marie cii It this elect rodle fraction of the 20-30'/( overall capacity redact ion otvii
delivers a idecreased capacity on dischbarge. atid this limits tile A signifhicarnt inrcrease in cycle lift roay' te realized by t liti
eerie life osf cells corntaiiing I his elect rodle (I I hNis rehsfinrg the solid phase resist anre. Fig. 7 depicts a' tios ib
ilegralanti has been at tribtml tilth metuchantic al stresses noet sod foir reducing, 1. by a factotr oif 2 wit out eliang-i
exerted( it thle siiiter hrv thle shove reac tion. ii wichii I theeltrd imnosorotie
reduiced saul tuxidized species tave di ffererit derisities. I'ltese
stresses eveiitually cause thle sinter to crack in fatigcue and .Aektuuulel tetit
t here))iy proiduce isolatedl regions (Fig. 2) whtere the hy' d rat ed
nuickel oxidle iuitis carry t lie electroiii ciirreit ir ru oxide *his work is beling sitppotsred be a grant from NASMA
etitdttvts Itiorly itttilie dischiargeid stare, arid tilie resuiltitig Lewis Research Center, Cleveland. OH. U seful dissions
olirii resistatnce leadls to the fisrnistioti tf at t tin inisultling win hi Dr . Noritian I agedorra are also ackntowledged.
Filmn whtieh enicatpsulates rusterial that wouildl ortherwsise lie
acailabsle for discharge. Rheferentce

T'his effect can be mnodeled using conventional porous
elect etite rheory and rthe tone-dimienisiontal m uodel depit ledl ill (1) 11. S. Liii. Lontg Life NicklI kEltctrodt s for
Fiz. 31. flit( tior corad balances in tile solid anti liquid jIllaS .\ickc I- Hljdrsqta Cu le. N ASA CR- 17t4 1 . Diiv . !Il
,ire as follow,:

d0L -P7L

itt wicth 0 is tile potential, z is the cixtriitate indlicated inl
Fig. :I. i thle current density aloing tile s-axis. r is t lie
or tisit ' arnil K is thle conduct ivi ty, The' factotr 2t _. wheret

is the I ransferentre number tof the antion, iii I it' liquiid pihuase
balastie arises from cotucenitrat ion gradhienits itt t lie bins r%
elec trolyte. I lie vansable f represents thle fract ion of t lit:
htrilrated oxitde sich is noit in cotact with ile siniter
beccause of the breakage noted above. It is shotwn
schteitiatirally' itt Fig. 4. As thre electrosde is crcleh. the sinter
btreakage cart lie expect ed to intcrease. sarI this cotrre'sndts tot

anincrease in f anth hence to itncreasedl ihiniu resist arte ill ti l
stol id phase.

The current balance and kinetics are given by

t
L dhi,11- di' 5

= -iox exp(-dtqF/RT) [.51

in which (represents the volume fraction. i represents tine
tuterfacial citrrentt denusit y antI] a retpresents thle state osf
cIage. I 'sin t Iseqe equtations it is possible to calculate thle

tuirren t antdIncharge distribuiouts itt the elect rodle. Typsicaliy,
these are nearly tini form for mnost of thle discharge time, bitt,

li te oxide Irecotinies rdischuarged auth less conuctivye, the
nuterfacia ii urrit. hence, thet reaction. cotucerit rates niear thre
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Abstract No. 5

The model is presented for a charge cycle and the reactions
that occur during the charge cycle are :

A MATHEMATICAL MODEL OF A ZINC BROMINE Br- 1/2 BP2 + e- (at anode)
FLOW CELL Zn

2+ 
+ e- 1/2 Zn (at cathode) (i)

Ravindra V. Shenoy and James M. Fenton 1/2 Br 2 + e -. Br- (at cathode) (iiO

Department of Chensical Engineering. The tribromide complexation reaction occurs throughout the flow
University of Connecticut. cell and the bromine, bromide and tribroide are in equilibrium

Storrs, CT 06268 through out the cell.

Br- + Br 2 = Br (iv)

Model: 1he governing equations for the flow channel and theThe zinc bromine battery system has received considerable separator are the steady state species balances and the
attention in recent years. Zinc bromine batteries are being con- electroneutrality equation. The governing equation for the
sidered for load-leveling applications in power plants and for au- porous electrode are the steady state species balances thetomobile propulsion. Different designs are being pursued by electroneutrality equation and the equilibrium relation forvarious companies, including Energy Research Corporation tribromide complexation. A pseudo-homogeneous production
(ERC), Exxon and Johnson Control. Mathematical models have term is considered for the heterogeneous charge transfer reaction.
been presented to study different designs and the various aspects
of the zinc-bromine battery. Evans and White (1) reviewed Method ofSolution : The coupled ordinary differential equationsmathematical models for different flow cell designs and flow are solved using Newman's technique (4). An accuracy of 0.01%
stacks for the zinc bromine battery, is obtained within successive iterations.

White et. al. (2, 3) formulated models for the Exxon design.
The Exxon design is similar to the Gould,'ERC design except that
the porous electrode on the bromine side of the Gould 'ERC de- REFERENCES
sign is replaced by a channel with a porous layer on the channel
wall. Mader and White (2) presented a mathematical model of a
parallel plate electrochemical cell based on the ZntBr, redox 1. T. I. Evans and R. E. White, J. Elcctrochrni. Soc..
couple with a separator and a homogeneous bulk reaction. They 134 2725 (1987).
identified four independent variables for the system and predicted
cell behavior during charge cycle. The porous layer on the 2. M.J. Mader and R. E. White, J. Electrochen. Soc..
channel wall on the bromine side was not included. Evans and 133 1297 (1986).
White (3) further improvised this model to include the porous 3. TI. Evans and R. E. White, . Ecctroche. Soc..
layer on the channel wall, predictions on discharge cycle and the
round trip efficiency of the cell, The model by Evans and White 14 866(1987).
(3) doesn't consider convective transport through the porous 4. John Newman. "Electrochemical Systeoss." Prentice-
layer and hence applicability of the model is rather restricted to Hall, Englewood Cliffs, N.J , (1973).
cases where the thickness of the porous layer is small as com-
pared to the channel width.

In this work, a model will be presented for the Gould/Energy
Research Corporation design and will be used to analyze the
performance of the entire cell.

MODEL DEVELOPMENT

Figure I shows the Gould/ERC design of the flow cell. It -Separator

consists of a flow-through porous electrode on the bromine side, Zinc
a microporous separator and a planar electrode on the zinc side. Electrode
An electrolyte comprising of bromine, sodium bromide and zinc Porous
bromide flows through the cell. During charging of the battery
the energy is stored in the form of electrodepositcd zinc which is Electrode
subsequently dissolved. The current is in the direction perpen-
dicular to the direction of the fluid flow. The concentration of the
various species and the potential vary in both the axial and the Y
normal direction. There is no significant variation in the third
dimension.

As~p8)on The aqueous electrolyte is pumped to each side
of the flow cell from separate tanks. The flow rates are adjusted X
so that there is no convective transfer through the separator. This
is achieved by having the pressure drop pci unit lcitigh on both
sides of the separator equal. The electrolyte flows through the
porous electrode at constant velocity (plug flow) and there is
laminar flow in the zinc side channel. The aspect ratio is small Positive negative
enough to neglect axial diffusion and axial migration. The charge electrolyte electrolyte
transfer reactions are characterized by Butler-Volmcr kinetics. It
is also assumed that the mobility of the ionic species follows the
Nernst-Einstein equation. It is assumed that there is low con- Figure 1. Gould/ERC design with a flow
version per pass so that the one-step model (2) can be used. through porous electrode.



Abstract No. 6

MATHEMATICAL MODEL OF THE During discharge, it can be seen that the concentration of zincate ion
SECONDARY Zn/NiOOH CELL builds to very high levels, until precipitation occurs. These concentra-

lions also show good agreement with some concentration measurements
K.G. Miller, F.R. McLarnon and E.J. Cairns usinZ microrfemnce electrodes in an operating Zn/NiOOH cell [6].

Applied Science Division The model equations were also solved for different values of the
Lawrence Berkeley Laboratory precipitation/dissolution raoz constan, T' fcand that a very narrow

Berkeley, CA 94720 range of values of this parameter causes large changes in the zincate ion

concentration. The hydroxide ion concentration was found to remain
lnl roduacion relatively constant over this same range of this parameter.

The alkaline zinc electrode has long been considered for use in Conclusions

high-performance secondary batteries proposed for various portable- The model equations have shown the ability to predict concentra-
power applications. In practice, however, the electrode has been found lions over one cycle. The ability to predict the rate and extent of shape
to fail after 100-300 cycle due to vi nificant capacity loss. This failure change in experimental cells for different of physical parameters is very
is attributed to the redistribution of active matenal ovr the v'face of the important in determining the major driving forces that control shape
Zn electrode (shape change), although in some cases dendrite sho,,s.g change
and passivation of the electrode may also be problems I I ]. A major con-
tributing factor to the rate of shape change is the high solubility of the Acknowledgement
discharge product, Zn(OH)4- (zincate) ion, in the alkaline electrolyte. This work was supported by the Assistant Secretary for Conserva-

Models have been proposed to explain shape change [2,31, but the forces tion and Renewable Energy. Office of Energy Storage and Distribution

driving this phenomenon remain uncertain, of the U.S. Department of Energy under Contract No. DE-AC03-

Zinc Electrode Chemistry 76SF00098.

The oxidation/reduction reaction at the zinc electrode proceeds by References
the followin two steps: (1) J. McBreen and E.J. Cairns. in Advances in Electrochemistry and

Zn + 4OH- = Zn(OH)2- + 2e- Electrochemical Engineering, H. Gerischer and C.W. Tobias. eds..
Vol. 11, p. 273 (1978).

Zn(OK)4- = ZnO + 20W1 +- H20 (21 (2) K.W. Choi, D.N. Bennion and J. Newman. J. Electrochem. Soc.

The first reaction is the overall electrochemical reaction, which produces 123, 1616 (1976).
a soluble discharge product(zincate). Reaction 2 is a chemical precipita- (3l W.G. Sunu and D.N. Bennion, ibid.. 127, 2007 (1980).
tion (or dissolution) reaction that occurs when the KOH solution
becomes supersaturated(or undersaturated) with zincate ion. Since the (4) K.G. Miller, F.R. McLamon and El. Caims. Abstract 149. The

electrochemical reaction proceeds through the soluble zincate species. Eectrochemical Society Extended Abstracts, Honolulu, Hawaii.
the rate of precipitation and dissolution of ZnO plays an important role in Oct 18-23. 198T

determining electrode performance. (5) J.T. Nichols. F.R. McLamon and E.J. Cairns. Chem Eng. Corn-

The high solubility of zincate ion in the electrolyte is a major factor mun., 37, 355 (1985).

in the shape change phenomenon. If there are significant concentration (61 MJ. lsaacson. F.R. McLraon and E.J Cairns. Abstract 147. The

gradients during a particular half cycle, or if reaction rates differ between Electrochemical Society Extended Abstracts, Honolulu. Hawaii.

charge and discharge, then the zincate species is free to migrate around Oct. 18-23, 1987.

the cell. Even if these are very small differences, over the course of a
hundred cycles or more, there can be significant Zn material redistribu- concentrations (Zn/NiOOH cell)
tion over the electrode.

Mathematical Model of the Zn/NiOOH Cell

A description of the model, the governing equations, and prelim-
inary results have been presented previously [41. Since that time, the

equations have been modified resulting in the elimination of both the v -
matrix and solution currents using Ohm's Law in both matrix and solu-
tion phases. In addition, the model was extended into the reservoir
region so that its effect on processes at the top edge of the electrode c
could be determined.

The model equations were solved using various values of the physi-
cal parameters, such as diffusion coefficients, exchange current densities,
conductivities, and the dissolution/precipitation rate constant for equa- 0
tion 2. The purpose was to determine which of these parameters are
most important in promoting shape change in secondary zinc electrodes. 2

In addition, the model equations were solved for various concentrations
of KOH electrolytes (usually from 15-30 wt%), as well as for KOH ce- c'
trolytes containing additives such as KF. The computations were carried -

out over many cycles to test the ability of the model to predict the dif- 0
fcrent rates and extent of shape change which have been meaoured (5]. 0 2 t

Results and Discussion

Figure 1 shows the calculated ionic concentrations of hydroxide Figure I. The crmcetmrations of KrZn(OH)h and KOH during me cycle ol
and zincate species during one cycle for both the zinc and nickel oxide operation. The curves are: U KOH. Zn electrode comnpartmen; E KOH.
electrode compartments. These data represent a point midway between NiOOH electrode coipmnment K2Zn(OH).. Zn electrode cntpraent. 0
the top and bottom of of each of the electrodes. From the curves, it is KZn(Olf,. NiOOI electrode compartment.

evident that there is rapid electrolyte movement between the two elec-
trode compartments (the concentration differences between them are
very small), expected for a cell that employs a microporous separator.
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MATHEMATICAL MODEL OF THE The decrease in the potential results from the increase in the pre-
SECONDARY CURRENT DISTRIBUTION MECHANISM cipitation rate constant after the Zn(OH)I- stability limit is

FOR Zn MATERIAL REDISTRIBUTION exceeded. After the end of the discharge the electrode potential
decreases to a value close to that of the original open-circuit.

MJ. Isaaceson, F.R. MeLarnon and E.J. Cairns Fig. 3 shows calculated Zn distribution profiles at the end of
Applied Science Division one cycle. The active material has redistributed from the middle

Lawrence Berkeley Laboratory of the electrode toward the edge of the electrode, and from the
Berkeley, CA 94720 back face of the electrode toward the front face of the electrode.

Conclusions

Introduction
Two mechanisms have been proposed for material redistribu- A mathematical model of the secondary current distributiontion in secondary Zn/ZnO cells: the electro-os motic flow merhan- mechanism of Zn material redistribution has been developed Cal-

ism (1), and the secondary current distribution mechanism (2). culated electrode potentials are in good qualitative agreement with

Choi et.al.(l) developed a mathematical model of the electro- experimental data. The model shows redistribution of active
osmotic flow mechanism. However a quantitative treatment of the material from the center of the electre "-wvrd the edge of the
secondary current distribution mechanism has not appeared in the electrode.

literatu, c. The purpose of this work was to develop a two- Acknowledgement
dimensional mode, oAr the Zn/ZnO porous electrode and use it to This work was supported by the Assistant Secretary for Con-
mathematically investigate the secondary current distribution servation and Renewable Energy. Office of Energy Storage and Dis-
mechanism It was not our purpose to show v. hich of the mechan- tribution of the U.S. Department of Energy under Contract N0 .
isms is dominant. DE-AC03-76SF00098.

Reactions References

Zn is oxidized during discharge, and Zn(OH)
- 

is reduced dur- (1) K. Choi, D.N. Bennioa ,:9 I Newman, . Electrochem
ing charge: Soc., 123. 1616 (1976).

Zn + 40H- =Zn(OH)
2 

+ 2e- ((2) J McBreen, J. Electrochern. Sac.. lift. 1620 (19721
(3) T.P Dirkse, J, Electrochem Soc . 128. 1412 (1981)

Zn(OH)2- precipitates as ZoO in supersaturated solutions, and (4) A.G Briggs, N.A. Hampson. and A. Marshall, J Chem Soc
ZnO dissolves in undersaturated solutions: Furuday Teuso 70, 197$ (1974)

Appendix A
ZnO + 20H- + H20 = Zn(OH)- (2)

Mass Balances (KOll and K2 Zn(OHl)4

The electrochemical and chemical reaction rate constants for reac-
tions (I) and (2) are not accurately known. It is known that the ,c , s'rt
precipitation of Zn0 from supersaturated Zn(OH) - proceeds very - e

t  
- - + t-' 1 + sPklc-c,)j4 t In z I. W ..slowly until a critical concentration of about three times the equili-

brium concentration is reached After the critical concentration is
reached the reaction proceeds much faster. Ohm's Law in the Electrolyte

Model Cell

The model cell is shown in Fig. 1. It consists of the porous iK = r- _ + nt2 rin(,,c.j
Zn/ZnO electrode, an electrolyte reservoir, and the separator. The V2A n 2c J t " -

counter electrode was not included in the problem domain, and is
therefore drawn with dashed lines. The Zn/ZnO electrode has 30% _ tv I+,[L + -t'3 ,in(el')1
KOII electrolyte (before addition of ZnO) saturated with ZnO I V313 3V38k

inside of the pores. The separator reduces the effective
conductivity and ionic diffusivities but does not selectively influence Butler-Volmer Electrode-RKineics.
the transport properties of individual ions

Equations J"

The model cell was described mathematically with the equa- V i, = uj = ie iT e
tions shown in Appendix A Material balances equations for KOll
and K2 Zn(O"l) 4 included diffusion, migration, and source terms for Plane at
reactions (1) and (2), hut neglected bulk fluid convection Ele- Symetry
trode kinetics were represented by the Butler-Volmer equations
Current flow in the electrolyte was described by Ohm's Law separaw
Ohmic drops in the electrode matrix were assumed to be negligible.

Results and Discussion-- -- --- - - -*-- - - - --- -----

Fig 2 compares the calculated Zn/ZnO porous electrode counter hImnde Comonsmseat

potential with selected experimental data. The simulation accu- Eletrolyte Po 7 -- s Zi
rately predicts the qualitative features of the charge/discharge Reservor P- 7aElectrod

curve. The potential decreases quickly during the first part of the
charge and then reaches a steady-state value. During the first
open-circuit period the potential increases to within a millivolt of
t6 -. ;,4nal open- ireuit potential. During the discharge the poten-
tial initially increases, reaches a maximum and then decreases y

Fig. I Modcl ?n 'nO Pnro- Electrode Cell

l
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A- MODEL OF THE TIME-DEPENDENT VOLTAGE RE- TeOVadiIarniwr nldda osat n .A

SI'NSEOFLi/nO2 B~TERESanid iwere re fined parameters. A typical plot of observed and
Ann M. Cresni, Donald R. Merritt and Paul M. Skarstad calculated voltageoVCrsLiS time appears in Figure 3. The

calculated values of R were consistently 2-6 higher than
Medrnic Inc thse eterine hycomplex impedance just before discharge

6700Shigle ree Parwaybegan. indicating either a systematic difference it the tao
6700 ~ ~ ~ ~ ~ ~ ~ i Shnl re akaeasuret meni methods or an additonal potlarization ith at is toio

Brooklyn Center, MN 55430 fas to beosredI igure 4).
The open circuit Wilte declines throuighot tle range

INTRODUCTION i-tt7(c (if cell capacity at ait average rate of -4.4 i ' 1-. The
sloipe is tiot utnifornm hut ittereases after abtout 4' depith ot

The application oif Li/%lIn02 batteries in implantable medical di schiarie. 'I ho magn itutde if each pre-expone ntial tic ru(A,',)
devices inel udes high current pulses superimposed oin a low% defHieS the amiiunt of piolarization that occur, in a -,i'en timie
otickerite~ nit ct . We have oibserved that the cell voltage regimie, as dete riined by the correspondinig time ci nstatit ii.
nay 'drop by' several hundred millivolts during a pulse (in [Hie calculated values and physical iitt :prctatiotit I liest-

addition to iR drip), and the voltage recoveriy of i I \ltt2 i cranote rs %%ill he discussed.
cells is kntwn tit he slows (1.3). In torder to predict Ittw a
batter wrill perfiirnt dturing a high current ptl;se ilk pitlariza- (ONCLU SIONS
titn and relasatiott characteristics must be awell uinde rstood.

The ;tl otf this work is lto mttdel the time-dlependent behavioir lie titite-deietident voltage bei'.aviir (if Li, lo (clii t- (is
of Lit!MoO, batteries on open circuit anid unde r loadc and Ci ns1ta i ciirrent livid or iopen ci rcuit Can li ttie e and
ev'entually tii uttuerstatid what prolcesses give rise to the escellett asre acitiesed. [Hie funtciti cttitsisi (it ,ina i
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EXPERIMENTAL. REFERENCE[S

'Ilie cells used in this study coinsist of a centt ral flat anitde I .J. C. Na rdij,. Flcttrioiii. So(_, 132. 1 717- 1- 15 1 i is.
-andsviclted between two clithitde pellets in a cise-piisittve 2. M. \'iitii. MOti. 128, 1822-1823 (11'1811
design. The pellets are a citnpiosite of Mnitt) (his it-trc ted 3. M. Viiitiv Hitv,, imit :ct. 26. 1373- 13T 11is Ii1
eleciritlyt ic). Shawinigan blIack carbon, and ititinr. Nite sucht 4. 1). W\. Nltiriltardi. J. Sit(. bu. App. Mthl., 2. 43 1-14 I lo)
cells wcere discharged toi varituis depths tof dlischarge ranging ~.Sittrapitics. Versiiii 2.1,. Staistical (Iraphlcs p ('lo

friiit It to 07 at a constant current load of 0.17 nt.\/cti
2

, the i
relaxed tin oipeni circuit fur 2-3 tontths. The cells iiere then
ret urned to the saute lotad for twit days. theni algaini r-ltieil tin
ilie n c irex it. The viiitage a'as mottittired at a t reqten "e Ntif I1l

lIe inirrtieiiatelv after the current was switched and wnithi
ilecreasing freiltiency afterwards.

In the ittideling, the parameters were refined Its nitot-linear
regressiitn using the Marquardt (4) algitrithinco ietrpotrated it
Sttigraphirs 151.

RESULTS AND DISCUSSION

Even after 5t0 days itn open circuit the cell votages cotinuitted
to increase. The data were found to fit the function shiiwn in
eq. 1, which yields an extrapolated oipen circuit Violtage (OCV).

IOct (I

-A total oif 15 ptaranmeters (OCV, Ai, tj, i = 1-7) aere required
to fit the data. A plt uof calculated open circtuit vtoltagee versus
depth tif discharge appears in Figure I, and a tvypicatl fitted
mttdel apipears in Figure 2 All miodels fit wiht R-squlared >
0l.9919.

The vil taig datti tin loiad awerc first coirrected for the drttp
itt open circitit votltage for the capacity ratige itver ilich the

cell was dischargecd (atbotut 5% oif stoichirteric capacity). [lie
idata were t hen fied by the functiotn shotwn itt eq. 2.

I iI(( 1- 1, - t,( 1 (2)
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A MATHEMATICAL MODEL OF A LITHIUM/THIONYL

CHLORIDE PRIMARY CELL

T. 1. Evans, T. V. Nguyen, and R. E. White

Department of Chemical Engineering

Texas A&M University
College Station, Texas 77843

A one-dimensional mathematical model for the lithium/
thionyl chloride primary cell has been developed to investigate
methods of improving its performance and safety. The model
includes many of the components of a typical lithium/thionyl
chloride cell such as the porous lithium chloride film which
forms on the lithium anode surface. The governing equa-
tions are formulated from fundamental conservation laws using
porous electrode theory and concentrated solution theory, The
model is used to predict one-dimensional, time dependent pro-
files of concentration, porosity, current, and potential as well
as cell temperature and voltage. When a certain discharge rate
is required, the model can be used to determine the design cri-
teria and ot crating variables which yield high cell capacities.

Tsaur and Pollard (1, 2, 3) have presented a similar one-
dimensional model of the L;/SOCI2 cell. However, in their
model development they assume that the reservoir is a well
mixed solution of constant concentration, which may not be a
valid assumption as shown by Gu et al. (4). For the reaction
controlled conditions predicted here, this assumption seems to
be a reasonable one. Also, they do not treat species transport
in the LiCI film in their model.

The independent adjustable parameters, determined from
the mod - development, are the porous electrode thickness,
the initial porosity of the porous electrode, the thickness of
the electrolyte reservoir, the thickness of the separator, the
porosity of the separator, the LiCI film thickness, the LiCI film
porosity, the initial electrolyte concentration, the heat trans-
fer co~eflicient, the current density, arid tire temperature of the
surroundings. For the discharge rates and design conditions
studied, the model predictions show that cell performance is
controlled primarily by the thionyl chloride reduction in tie
porous carbon cat',ode. Thus, the porous electrode thickness,
initial porosity of the cathode, and the initial electrolyte con-
centration are the design criteria which most affect cell perfor-
mance. Also, the LiCI film porosity can influence cell perfor-
mance; porosities beyond 0.1 seem to have little effect on cell
lifetime, voltage, or temperature, however, below a porosity
of 0.1, cell voltage aeg,.z to decrease due to the greater hin-
d rance of species traiusport in the film. These results show that
it is advantageous to maintain low temperature storage (room
'emperature) so that the film does not become too compact.

REFERENCES
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A THERMAL ANALYSIS OF A SPIRALLY WOUND BATTERY the theory that localized hot spots initiate thermal runaway.
USING A SIMPLE MATHEMATICAL MODEL The effectiveness of the spiral design in conducting heat out of

the cell is dependent upon where these hot spots are located
T. I. Evans and R. E. White in the cell. If hot spots are in contact with those regions of

Department of Chemical Engineering the cell having relatively high thermal conductivities then the
Texas A&M University spiral design serves to improve significantly heat dissipation.

College Station, TX 77843
REFERENCES

Many battery systems produce heat as they are discharged
due to the exothermic nature of the electrochemical reactions 1. D. Bernardi, E. Pawlikowski, and J. Newman, J. Elec-
occurring. This heat, if not conducted out of the cell, can trochem. Soc., 132, 5 (1985).
increase temperatures to dangerous levels. In spirally con-
structed batteries, heat flow in the radial direction is inhib- 2. J. Lee, K. W. Choi, N. P. Yao, and C. C. Christianson,
ited due to regions of low thermal conductivity, such as the J. Electrochem. Soc., 133, 1286 (1986).
separator between electrodes. It has been questioned whether 3. L. A. Parnell and S. Szpak, Electrochimica Acta, 30, 913
or not the heat transfer is improved in spiral designs by heat (1985).
conduction out the spiral path along those regions of highest
thermal conductivity. This path offers lower resistance to heat 4. S. Szpak, C. J. Gabriel, and J. R. Driscoll, Electrochim-
flow, however, a much greater distance must be traversed as ice Acts, 32, 239 (1987).
opposed to the more direct radial path. A two-dimensional 5. Y. I. Cho and G. Halpert, "Heat Dissipation of High Rate
thermal model for spirally wound batteries has been developed LI-SOCI2 Primary Cells," J. Power Sources (1986).
to investigate this question. The model predictions show that
conduction of heat out the spiral path in a spirally wound 6. Y. I. Cho and G. Halpert, "Thermal Analysis of Prismatic
lithium/thionyl chloride (Li/SOC12) cell, during normal op- Li-SOCI 2 Primary Cells," presented at the 3 2 d Interna-
eration, reduces cell temperatures but does not substantially tional Power Series Symposium, Cherry Hill, NJ (May,
reduce the temperature drop in the cell. However, when hot 1986).
spots are present in the cell conduction out the spiral is sub- 7. Y.i. Cho, J. Elerochem. Soc., 134, 771 (1987).
stantial and the temperature drop in the cell is reduced signif-

icantly. 8. A. B. Shapiro, "TOPAZ2D - A Two-Dimensional Finite
Previous workers (1, 2) have presented thermal mod- Element Code for Heat Transfer Analysis, Electrostatic,

ems for battery systems. Several models (3-7) have been and Magnetostatic Problems," Lawrence Livermore Na-
presented which specifically address the thermal behavior of tional Laboratory, UCID-20824 (July 1986).
Li/SOC12 cells. All these models either assume uniform cell 9. J. 0. Hallquist, "MAZE - An Input Generator for DYNA2D
temperature, which changes only with time, or treat the cell and NIKE2D," Lawrence Livermore National Laboratory,
interior as one pseudohomogeneous region having effective av- UCID-1g029, Rev. 2 (June 1983).
erage thermal properties. These models cannot be used to in-
vestigate the effects of the arrangement of the cell components
on the temperature distribution in the cell.

The governing equation of the model is the energy balance.
Ieat generated by polarization and heat generated due to the
entropy change of the current producing reactions are included
in the balance. To simulate thermal runaway, an additional
term is included which represents additional heating caused
by, perhaps, a cell defect and/or exothermic chemical reactions.
This heat source is assumed to be localized causing a hot spot
in the cell. This approach to simulating thermal runaway was
used by Szpak et al. (4). Convective and insulated boundary
conditions are used and the equations are solved using a
finite element code called TOPAZ2D (8). The finite element
mesh is generated using a preprocessor to TOPAZ2D called
MAZE (9). The model is used to estimate two-dimensional
temperature profiles within a spirally wound Li/SOC 2 D-
size cell. Simplified one-dimensional models have been used to
predict best and worst temperature profiles.

The two-dimensional model and one-dimensional approx-
imations have been used to understand better the thermal be-
havior of the spirally wound Li/SOCI2 battery. Comparison
of model predictions with experimental data support two con-
tentions. The heat generation rate seems to be greatest at the
center of the cell and diminishes towards the exterior of the
cell. Also, thermal conductivities seem to decrease as the cell
discharges. This could be due to the increasing volume oc-
cupied by cell gases as the discharge proceeds. Two thermal
runaway situations were investigated using the model based on
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This extended model permits the output of the
MODELLING STUDIES OF THE SHORT TIME/HIGH FREQUENCY cell to be calculated together with the length for

BEHAVIOR OF PULSE BATTERIES which the cell will appear to be infinitely long for
any given pulse duration. It may be possible to use
reflection effects to tailor the shape of the output

M.L. Daroux, B.D. Cahan, J.P. Discenza and E.B. Yeager and avoid some of the problems associated with
switching large curents.

The Chemistry Department and the Case Center Further examples will be given, together with
for Electrochemical Sciences, comparisons of predicted behavior with that found

Case Western Reserve University, experimentally for test cells.
Cleveland. Ohio, 44106
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Very high current discharge in physically large Ohio
battery systems can be significantly limited by
geometric and physical factors that are not usually
taken into account in the design of conventional REFERENCES
batteries. For example, Lander and Nelson [1] showed
that even under short circuit conditions the discharge 1. J.J. Lander, E.E. Nelson; JECS, 722. (1960)
of large (7000 Ah capacity) Pb-acid cells was limited
by a combination of internal and load impedance to 2. B.D. Cahan, M.L. Daroux, E.B. Yeager ; 171st ECS
rise times on the order of 10 to 100 milliseconds. The Meeting Extended Abstracts, 87-1, Philadelphia, May
work described here is an attempt to combine 1987
electrochemical and transmission line concepts to
provide a theoretical framework that can be used to
identify the critical factors in the design of high 2
power pulse batteries.

In a previous paper [21, we have shown for the I
example of semi-infinite parallel plate (stripline)
geoetry that, no matter how favorable the (0. f
electrochemical properties of the interface, at 0
sufficiently short times the impedance is limited by
geometric and physical factors. We have now extended
the modelling to predict the transient response to 4_ _ _ _
current or voltage pulses, and to take into account
the finite length of practical cells. This permits
these models to be applied on longer time scales where +qOr
current can be drawn from the whole length of the
battery. .... ....... ..... ....

Figure 1 shows an example of the impedance of a 0IF .......... .stripline cell calculated using the previously

described [2) infinite model. Figure 2 shows the
calculated impedance of the same cell but of finite
length; that is of length shorter than the penetration
length over at least part of the frequency range. For
the values of the physical constants chosen, this cell -0
behaves as if it were infinitely long at high
frequencies and the calculated impedance is the same
as that previously obtained using the infinite lne I
model. At low frequencies, the behavior collapses to t /M
that of a simple capacitor. However, at intermediate
frequencies, where the penetration length is
comparable to the line length, reflection effects
occur. The impedance oscillates with small changes in
frequency as constructive or destructive interference ,_ , _ _
between the pulse and its reflection from the end of to 1O -O O IO 

-
0 i

the cell occurs.

Figures 3 and 4 show the transient voltage /Hz
response of the same line to a constant current pulse FIGURE 1 Bode
of unit amplitude. Figure 3 shows the short time sIp line Plots showing, for an infinitely long
response, which is identical to that of an infinite stripline cell), a) log ZF b) o and c) /
line. At longer times however, as shown in Fig. 4, the (Penetration Depth), as a Function of Frequency
voltage transient shows step-like increases resulting Calculated for p (Electrode Resistivit ) - 3 1" 1m 3
from reflection effects, as the signal (ie. the 0-cm, PE (Electrolyte Resistivity) - IO-2 p-cm, u
withdrawal of charge) reaches the end of the cell. The (Electrode Spacing) - 0.1 cm, W (Cell Widthl - 1 0 cm
effect is to increase the impedance or decrease the Cdl (Interfacial Capacitane) - 50 uF/cm

2
. CE (Cell

output of cell. Capacitance) - 7.17x1O
5 

uF/cm.
L. (Cell Inductance) - 1.255xi0

"9 
N/m.

i i i l ~ mrm nDmm mi
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FIGURE 3 Voltage Transient showing the response of
the cell in Fig. 2 to a 10 microsecond current pulse

O
0  

lO 3  04 s O 7 O of unit amplitude.

FIGURE 2 Bode Plots for the same cell as in Fig. 1,
but of length 0.25 m.

(ICO 0)f

,As t

FIGURE 4 : Voltage Transient showing the response of
the cell in Fig. 2 to a 100 microsecond current pulse
of unit amplitude.
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MODEL FOR LEAKAGE CURRENT the battery voltage increases, the efficiency still decreases

IN A BIPOLAR STACK WITH with increasing N.

SEPARATE ELECTRODE LOOPS
(2) Total internal resistance

M. Z. Yang, H. Wu and J. Robert Selman The effect of the total internal resistance on battery

Department of Chemical Engineering performance is shown in Fig 2. If the total resistance
Illinois Institute of Technology is kept constant, asymmetry of the electrolyte resistices

Chicago, IL 60616 does not have much effect on the current distribution even

though the ratio of catholyte to anolyte resistance may
Introduction vary from 1/3 to 4, and the separator resistance from zero

Several models predicting leakage current in a bipolar to 80% of the total resistance. Oil the other band, if
battery stack has been presented in recent yearsll, The the total resistance increases, the leakage current and the
present work extends this by applying current balance and power efficiency both decrease, as shown in Fig 2, The

potential balance equations to a stack of e-llv with sepa- dccacase of leakage curr,. is a result of Ohm's law: as
rators and with separate, possibly asymmetric, electrolyte the total resistance is increased, the current produced in

circulation loops for positive and negative electrodes. It each cell by a constant voltage source is less, consequently,
treats the separate electrolyte loops and manifolds, as well less current is leaked to the manifolds, when a constant
as membrane or separator as resistance elements in an current output is inaintained. The efficiency decreases
electric circuit anlog. This results in a set of linear dif- because more power is consumed to overcotne the internal

ference equations with constant coefficients. Difference resistance.
calculus is then applied to solve the coefficients. Leakage
currents in stacks made up of different numbers of cells (S) Manifold reszstances and lateral electrolyte resistance

are predicted and the effect of each resistance component As shown in Fig. 3, variation of manifold resistances

on stack performance is investigated, affects only the compartment to which the manifold is
connected. i.e. cathodic currents are affected only by the

Results and Discussion cathodic manifold resistance. but not by the anodic maim-
A systematic study was made of the effect of varying ifold resistance. The anodic leakage current. on the other

each resistance component in the network. TIme effect of hand, decreases sharply near the symmetry point (the in-
varying the number of cells was also investigated. In or- tersection point of the two curves in Fig 3. where anodic

der to compare on a coninion basis, the leakage currents, and cathodic manifold resistances are equal), and tends

manifold currents, and battery currents were calculated toward a constat value.

for a standard case (Table 1). The cell potential V-, and The effect of lateral electrolyte resistance is very sim-

the output load current, IL- were kept constant. The to- ilar to that of manifold resistance: it affects only the cur-

tal internal resistance R1, defined as the sum of membrane rent in the compartment whose manifold resistance is be-

resistance and electrolyte resistances, was constrained ac- ing varied, and the change of leakage current approaches

cording to a constant as the resistance value increases.

R, < V/IL,
Conclusiont.e., the current producet in each cell was aeays greater * Application of difference calcihis leads to a niethod

Tnhe power effeny, dof calculating leakage currents in a bipolar battery
The power efficieticy defined as the ratio o power stack that is very efficient compared to the matrix

applied to the load between the positive and negative ter- method, i.e., solving N by N simultaneous equations.

minals of the battery stack to the total power generated * The most sensitive component in the cell is the iter-
by all the cells within, is calculated according to nal resistance in the direction of the battery current

= (AV . IL)/(V. i) * Lateral electrolyte resistance and manifold resistance
have some effect on the leakage current, but only ion

where P is the current flowing through the voltage source, the current to their own compartments. This effect

and AV is the potential difference between battery ter- is much weaker than that of total internal resistance.

minals. The distribution profiles of the leakage current,
battery current and the manifold current are similar in References
the calculations, therefore in the following discussion, we 1. E. A. Kaminski and R. F. Savinell, J. Electrochem.

compare the changes in the maximum leakage current and Soc. 130, 1103 (1983).

in power efficiency.

(1) Number of cells Acknowledgement

As shown in Fig 1. the leakage current increases asThis ork was supported by the US Department of

the number of cells N increases, but flattens out beyond Energy (Sandia National Laboratory). under a subcon-

25 cells. The efficiency, on the other hand, decreases as tract from Lockheed Misiles aid Space Company, Sui-

N increases. Note that in these calculations the load cur- nyvale. The interest of Mr R. P. Hollandswoth and Dr

rent is kept constant. Thus, as N increases, the current

generated in the cells has to leak to the manifold to main-
tain a constant current output. Consequently, although



Table 1. Standard parameters used in the illustration. UM M
RA - 10001 Rc 1000P.

11 0  101-o 12R,t. = R,1 0 .5 R, c IQ 12 ... .. . .. ... . ... . -

1. = 1.51 IL = 0.5 Amp

0 o
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S -Maximum Leakage Current 0 10 20 30
(U

Efficiency Manifold Resistance/Standard Value y

Figure 3: Effect of variation of anodic manifold resistance

O on the niaxinnnn leakage currents and efficiency in a bipolar

battery stack, normalized with respect to the standard case.

: Cathodic ilaximuno leakage current,-: iuaxhnuin of

13 anodic leakage current and battery effisiency.
0 10 20 30 40

Number of Cells
Figure 1: Effect of number of cells on the itaxinmum leakage

current and power efficiency in a bipolar stack, norIialized

with respect to the standard case.
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Figure '2: ffect of" total resistance on mnaxinnm heakage

current and power efficiency' in a bipolar hattery stack, nor

realized with respect to the standard case.
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Modeling of Chlorine Gas-Diffusion Electrodes tration and solution velocity can be divided
into steady and transient parts

D. L. Thomas v + ., ' o - a + C '

Chemical Engineering Program
University of Alabama in Huntsville If these definitions are used in the flux

Huntsville, AL 35899 equation, and the flux equation is time-
averaged, the following equation results

Model do it,

A mathematical model of a chlorine gas N_ - - _. D- - +

diffusion electrode has been formulated and dx zF

solved. The model consists of charge balances

in the electrolyte and solid phases of the

electrode, an electrolyte mass balance, and a The time average velocity is assumed to be

mass balance on gas phase chlorine: zero. The correlation c'v' needs to be
modeled in order to close the equations. This
was done by assuming that the holdup and
concentration were sinus-idal functions and

7 i, 7 12 - 0 were 90 degrees out of phase, which is
equivalent to assuming that the velocity and

7 . - aj concentration fluctuations were correlated.

a- - - E~ Sifl a C,' - C, coe(.t)

7 .The equation for holdup can be differentiated
F to give the velocity, and the product of

aj velocity and concentration integrated over the

7 - - period 2,/,i to give

2

Appropriate equations are used to express themas ndchrg fuxs.An expression for c' is still needed. This

mass and charge fluxes, was modeled by assuming that 1) c' is
proportional to the distance from the
electrode/bulk solution interface, since c'

must be zero at that location, and that 2) c'

,, t. sc is proportional to the time averaged

- - a, concentration gradient, since if there is no
r 'n,. nc. concentration gradient then there is no

accumulation of electrolyte due to convection.

NI -C + t, The final expression for the flux is
So3 - - - - C a* - CV,

,ST .... F ( .+L do it-

N- - r. - (x - L) - + -
N , 2 1 dx Z.F

N --- '7Pc 5 ¢ (N¢1+N.~,

RT ' This model describing how holdup fluctuations
influence the concentration within a gas-

The notation used here is the same as that diffusion electrode is similar in many ways to

used by Newman (1, 2). Finally, an equation the mixing length model that is often used to

relating transfer current density to potential describe turbulent flow.
and solution phase concentrations is needed. A

thin film transport model and Volmer-

Heyrovsky kinetic model (3) were used. The

equations were formulated and solved using the

BAND technique (2).
The effect of fluctuating holdup (volume

fraction of liquid within the gas-diffusion

electrode of solution in the electrode) was

also studied numerically. This phenomena can
be caused by a fluctuating gas pressure, or by
slowly sparging gas through the electrode.
The liquid holdup decreases as the gas volume 1. J. S. Newman and C. W. Tobias,J . Electro-

increases in the electrode. When a gas bubble chem Soc., 109, p 1183 (1962).

escapes the pore liquid flows into the pore.
This decreases concentration gradients and
concentration polarization in the electrode. 2. J. Newman, Electrochemical Systems,

An overall liquid phase mass balance in Prentice-Hall, Englewood Cliffs, NJ, 1973.
the porous electrode is 3. J.-T. Kim and J. Jorne, J. Electrochem.

d,, Soc., 124, p 1473 (1977).

dt

where v is the electrolyte velocity, is the
solution holdup in the electrode, and L is the

electrode thickness. The electrolyte concen- '9
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Effects of Gas Bubbles on the Polarization Behaviour of () = ai(x)/v (4)
Porous Flow Through Electrodes. Formulation of

the Problem. where a is a constant, a = 0.127 cm
3
C

1  
for hydrogen

evolution at 25
0
C. In order to obtain the variation of J(x)

Badr G. Ateya and Bashgat E. EI-Anadouli with distance, we use Equation 4 with either the Maxwell
Chemistry Department, Faculty of Science, or the Bruggemann's equations (Equation 5 and 6, respecti-

Cairo University, Cairo, Egypt. vely)

The evolution of gases at planar electrodes has (x) 1 0.5 E(x) (5)
significant effects on the rate and mechanism of mass ,fo /1-
transfer [1,21, on the electrolyte resistance and current .. W(x) (I- -(x) )3/2 (6)
distribution at the electrode surface [3-6] and on the p o
hydrodynamic conditions near the electrode surface. Nume- where F i the resistivity of the bubble-free electrolyte.

rous experna.,ntal measurements and several empirical

and mathematical treatments of these effects have been The objective is to solve the system of simulataneous

reported in the literature. The corresponding measure- nonlinear Equation (1, 2, 4 and 5 (or 6) ) using the bound-

ments and analyses at porous electrodes, although equally ary conditions (Equation 3) to obtain the dependence of

important, are clearly lacking. There are many systems current i(x), potential E(x) and pore electrolyte resistance

where gas-electrolyte mixtures exist within porous electro- (x) on the distance within the electrode.

des the evolving gas may result from the main react-
ion or from a (parasitic) side reaction [7,8]. References:

We have measured the current-notential relations 1. L.J.J. Janssen, Electrochim. Acta 23, 81 (1978).

for the hydrogen evolution reaction at (packed-bed) porous 2. N. ibl, E. Adam. J. Venczel and E. Schalch. Chemie-
flow-through electrodes, and the pore electrolyte resis- Ingr-Tech. 43. 202 (1971).
rance under various conditions (9,101. Measurements were
obtained on packed beds of cu wool, cu turnigs and Ag 3. Fumio Hine and Koichi lurakami. J. Electrchem,
wool. Soc. 127, 292 119801: ibid 128. 64 (19811.

In this paper we develop the equations of a mathe- 4. F. Hine, M. \asuda, . Nakamura and1 9. ).a. J.
matical model which simulates this process. Electrochem. Soc. 122. 1185 11978).

Model Equations: 5. G. Kreysa and J. Kulps, J. Flectrochem. Soc. 128.
979 (19Sl).

Consider a porous flow-through electrode under the 97 119l11.

conditions illustrated in Fig. 1. In the experiment, the 6 John Dukovic and Charles (8. Tobias J. Electrochem.
electrode is held vertically, and the electrolyte is fed Soc. 134. 331 (19871.
from the bottom (entry) surface while the top (exit) 7. XC.C, Tseung and P.R. Vassie, Electrochim. Acta
surface is polarized. This arrangement facilitates the 21, 315 (1976).
rising and removal of the generated gas bubbles. The
porous matrix is assumed to be isotropic and highly condu- 8 B3. 0. Ateya and E.S. Arafat. j. Electrochem. Soc.
ctive. The current increments di(x) generated in the 130. 799 (1983).
space element dx is given by 9. B.G. Ateva, A.A. Ateya and M.E. Elshakre. J. ,ppl.

di(x) = i. exp [-cc (E(x)-Erev)F,'RT ] Sdx (1) Flectrochem. 14, 357 (1984).

where i is the exchange current density and cc is the 10. B.G. Ateya and M.E. Elshakre, J. Appl. Electrochern.
transfer coefficient of the reaction, F(W) is the potential 14, 367 (19841.
at distance x and S is the specific surface area of the
porous medium in cm-g)

- 1
, R F and T have their usual

meaning. The current is related to the potential gradient
using Ohm's law

i(x) I dE(x) (2)i T)F]95[7 " JT

where (a) is the pore electrolyte resistivity at x. The
boundary conditions are I Counter electrode

x 0 i(x) =0 and F =E 0

i.e. dF(x)/dx = 0 (3) -1 I sv cm s.11
S= I, E : EL

Note that rhe reaction rare is nonuniformly distributed
throughout the pores and hence also the rate of gas X0O I

evolution. Consequently, the gas void fraction and the
pore electrolyte resistivity would nary with distance. For Fig. (1 Illustration of the system.
a porous electrode operating on liquid reactants and
products in a supported electrolyte, the pore electrolyte
resistance in independent of distance, and hence FEquations
1 and 2 can be easily solved for this condition. In the
present case the situation is quite different.

The current i(s) at a distance s produces a certain
volume of gas per second. Upon establishing the proper
balance, it can be shown that the gas void fraction E. (x)
is given by
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Abstract No. 1.5

MATHEMATICAL MODELLING OF HIGH POWER Pb02 - 4H- - 2e- Pb2 - - 21-20 (2
DENSITY, PULSED DISCHARGE LEAD ACID P?*HO bO

BATTERI ES b -H0 -PS4 H

The second step, the precipitation of lead suliaie occurs Dn's a!ie,
Rodney M LaFollette* and Douglas N. Bennion the product of Pb2+ and HSO4- have esceeded the Fc',s v :for-

Department ot Chemical Engineering uct. The rate of Precipitation can be expressed as
Brigham Young University

Provo UT 84602 rp - (ksj * cpkG)IC,nCPb2-,nl - K,51

Recent work has shown that secondary batteries may be where rp is the rate of PbSO4 precipitation (mcie/Crn~/sec xf; 'Sa
designed to deliver high levels of pulsed power (1,2.3). Proper reaction rate constant for nucleation of 'htSC, s;Ies
design of such batteries would require a bipolar configuration and (mloescc stevlm rcino rcplei,
he thinnest cell components possible. The lead acid system a- lm/oesc.c 5tevlm rcin fVoil . '
Dears to be the leading candidate among well-developed sec- reaction rate constant for growth ci PbSC 4  r5d'
ondary aqueous batteries for high power density application lcm3Imole/sec), CPb2.,nt IS the interfacis, concen's' "
Bipolar lead acid batteries of 100 - 800 kW/kg have been assem- Pb2

1ea (mole/cm) and ksp is the solubility product .1mci 0
toled and tested. Current densities of 20 A/cm

2 are typical for short )hese equations were included in) the model S* c -
tines for bipolar lead acid stacks (2). Other studies have shown Figure 1 is a prediction of current density using this model Srics'.

that at least 40 A/cm
2 can be obtained for longer times with high for comparison is the prediction of the original model and one -~th

temperature molten salt systems (3). pore concentration variations but without precipitation 'tie mode'
Mathematical modelling must be used to study high power predicts cell behaeior for the first 200 /usec The initial drop i

density battery design to aid interpretation of experimnental results current density can be attributed to acid depletion at the elecinoce
and to study aspects of battery performance which are dfficult to surfaces. Precipitation begins at around 100 - 200 /osec wh'ch s
examine esperimentally. Mateml;d modelling can provide coet hti bevdeprmnat.Teei een

Tniht inopoesse aai abe ins noder w sige,'.oou current density after precipation begins, although it is not an great

Thcioe moleid atrga mdle sngtepru as is observed experimentally. The model predictions indicate
eletrdemodllng approach presented by Newman and that the steep decline in observed current density can be attributed

Tiedemann (4), The basic model is similar to those of Tiedeman to first concentration polarization and then Precipitation
and Newman (SI and Suns (6). The electrodes ware treated on a
macr'oscopic scale, Ignoring the microscopic details of electrode t. Leatlelte, R.M., Sennion, DN, "Design Fundanrenies of High Pow.er
structure. One key assumption was that the electrolyte Density, Pulsed Dscharge Lead Acid altene3, EdIended Abstracis,
composition within a pore was constant. Mass balances and Eleclracfre. Soc. Meeting, Philadelphia, PAfay t9t6
concentrated solution theory flux expressions (7) were used to 2. L&Follette, P.M., Bennian, D N., Expxrenel Studies of High Pate 'Lead
predict local acid concentrations in the cell. Ohm's law was used Acid Baltenes," Etended Abstracts. Etectrochern Soc Meecing, Atlania.
1o descrbe the potential distribution in the solid electrode matis GA, May 19t7

An anlogos exressin deived3. Gibbard, F., 'Ulta-1-gh-Pswer Batteries," Proc oi irE _5)Nro il on)
An nalgos eprssin eriedusing concentrated solution fiectrxchemical and Therml Modeino xI Batlery' Fuel Cell, ano

theory was used to calculate the solution potential. PhotiteneravConversin Syst ems (Selmran, J RP, Maru, H C , eds 1, Proc
This model successfully predicts electrode behavior at Vut. t6-t12, EleclrochemiceJ Sxciety, Penninglon, NJ, t 93t1 986)

current densities normally encountered in batteries. However, for 4. Newm4an, J., Tiedemnara,, W, "Porous Electrode Theoiry with Bettern
high rate discharges, predicted current densities are almost in- Applcalons,'AChEJ,(gugal 21,19751
variant during a 1000 vsec discharge, while experimental results 5. Tiedemann ,W, Newmsan, J.,-Malhemial Modelling xfthe Leed-AcCel,
show a rapid drop in current density for 200 iaec, followed by a BettervDerlicil and Optimizalion (Sid Gross, adl., tieclrochrmics Socil
Period of even steeper current density dr-op, before levelling off at Proceednsre3e,Pnncrtn,NJ (19791
a low value (see Figure t). Model predictions are high because it 6, Sunu, W.G.,-Malfrematiced dellngtfor~es n ot tery EiecrnCes Les,
fails to account for variations of electrolyte concentrations within Ncd ell ellng h~ R..5E,1(t5B4).cl .1 ) s;, le~

electrode pores and because passivation by PbSO4 is more 7, New.man, J., l ectrxcicsti lm rntcttiPrnen t ii
cronounced than in other lead acid battery designs. 8. Dunning, J.S., Sennixn, DN , Ne'.csan, J " Ana",5 oi Porous Etelroltet

The porous electrode model was modified to both account with Sparingy Solube eacatslect5oc, It t8, 125 1 t97t1i
!or concentration variations at the solid/felectrolyte interface within 5. Dunning, J.5., Bernlan, D.N , Newmani J , 'Analysis oi Porous E~cirodes
eiectrode pores and improve the prediction of PbSO4 precipita- with Sparingly Salable Reactants 11 Varrable Solution Sne r

ion The electrode porex were assumed to be of uniform diameter Convectiori,and Cxrplesng,"J Elect Soc 120,9tC6[1973)
and axinymmetric An equation descibing both consumption of Elec TSaurKc. Polar,, "Pritatio fSldi iclohmlj 'l

acid at the pore wall and mass transfer of species to the wall isElc o,1329186

aCNat 1312Fa*d'/dx DH/40(b -Cin))/Sore (1)Present address, international Fuel Cells South Windsor

where C,, is the interfacial concentration of acid (mole/cm3), F is
tr araday's Constant, a is the electrode specific internal surface
area tom' t ). 12I the electrolyte current density (A/cm2),DHC Is the
diffusion coefficient of the hydrogen ion in sul!foic acid )cm2lsec),

mtcan be interpreted as a diffusion length for the hydrogen ion
cm). Cb is the acid concentration in the bulk of the pore
mole/cm 3), and 8pore is the pore radius (cm) The first term on the
i1ght side of the equation represents the consumption of species

due to chemical reaction The seconrd term on the right represents
mass transfer between the bulk of the pcre and lte wall.

The precipitation model was derived in parn from the work
of Dunning et al 18.91 and Tsaur and Pollard (t0). The two-step
4icag reaction at the Pb02 electrode is
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Abstract No. lb

eort:anic Cells Ftiezing Solvents Based an cycling losses are probably due to cathode failure and

Coninatio.s of Si 2 and Palogens separator depradation. ise of separators that are

resistant to chlorine is essent ial to the success of

ichael Binder and Sol Gilman this system.

Power Sources Division ACKNOWLEDGEMENTS

IS Army Electronics Technology and
Devices laboratory (LAnCO") We wish to thank William !. W:ade, Jr. , Charles 1'.

Fort "lonmouth, NJ 07703-500I0 Walker, Jr. and Dr. Donald Foster of Power Sources

Division, Fort Monmouth, :J for many informative and

INTRODUCTION valuable discussions.

This review will be limted to scientific advances REFERENCES

made in the areas of lithium based cells with carbon
based cathodes where the totally inorganic electrolyte I. C. R. Schlaikjer, in "Lithium Batteries", edite2

is either composed of combinations of sulfur dioxide by J. P. Gabano, Academic Press, NY, 1983.

and halog.ens or forms such mixtures during cell

charge/discharge. 2. A. N. Dey, H. C. Koo, P. Keister and X. Kallianidis,

Extended Abstracts of the Electrochem. Soc.,
The systems we will discuss include Li/S0 re- Honolulu Hawaii, October 18-23, 1987.

charg eable, Li/sulfuryl chloride primary and Li/sul-
furyl chloride rechargeable technology. An excellent 3. R. J. Mammone, S. Gilman and :N. Binder, Proceedins

review article by Schlaikjer (i) has covered reserch of the 32nd Power Sources Snposium, Cherry Hill

:" - ' --7 . '-' i- '. it I , r - tic 'l impossible to N:, June 9-12, 19'h.

cover all aspects of this crowing field, we will
attempt to gather the publicly available, published 4. R. J. Manmone, M. Binder, P. Keister and

information on this subject appearing since 1983, and I. Kallianidis, J. Power Sources 21, 143 (1987).

include some of our own in-house experiments in this

area. 5. R. J. Ma=none and 1!. Binder, in "Practical Lithium
Batteries", edited by C. P. Sclaiker, 19SS.

I. Li/SO
9 

Pecharceable Cells
6. K. A. Klinedinst and R. A. fary, J. flectrochem.

This technology, which has been actively studied Soc., 134, 1884 (1917).

1- various research groups (2,3), uses a stable, highly

conductive electrolyte formed when LiA1C1, reacts with 7. P. N. Krehl and H. A. Hornung, E8ff W!eeting,
either liquid or casseous SOy to -ive a lquid complex/ Halifax, Nova O-.sia, September 28 - October 1, St.-7.

""Ivate o f the form lBAICI,-lns. Altiopth the exact

ichare products and me.OLaoisms are unclear, it is 8. P. 51. Smith, A. A. Papanicolaou, !1. . Wilson, .nc
believed that durin the charge process, chlorine is S. D. James, Extended Abstracts of the Pall FCF

foroed. The formed chlorine can interact with dO and Teeting, 'an Diego, CA, October 19-2 198.

either form sulfuryl chloride or other complexed

species. Deliberate addition of halocgens (4) or sul-

furyl chloride (5) to the electrolyte has met with

some success and has been shown to improve condnc-
tivity, raise load voltages and improve safety. Cell

performance is also a strong function of the type of

carbon black used to make the cathode (3). Because of

the high chlorine concentration, hlorine resistant

separators such as Tefzel have ben used.

II. li/S5
2
C1

2 
Primary Cells

This technology has been actively investigated as

a safe, low pressure alternative to the Li/thionyl
chloride battery system since in discharge of sulfurl

chloride cel-s, no sulfur is formed. The lack of sul-
far formed implies less of a chance for thermal run-

aways under abuse conditions. The preferred electro-

lyte salt is LiAlC14, althouph tii1Cl' o and Li(aCil

(6) bave shown desirable charactertstics in terms o?
storace capabilities. Use of halogens or interhalo-
gens (7) las been shown to improve cell performance,

safetY and storage capacity. The choice of carbon

black for use in the cathode also strongly affects

cell performance and storage capability (6).

Ill. Li/SO 2
C1

2 
Rechargeable

This technology has very recently been con-

sidere! as a limited cycle, high rate battery for ap-

plications where a single Battery must function in

primary as well as rechargeable operations (8). In

this cell as well, the salt used is h.iAlC
1
4. Moleco-

ltr chlorine formed luring the charge cycle reacts

with the dischorge products to regenerate the starting

materials. Cvdinr studies indicate that the lithium

electrode cycles well in this electrolyte. Cell

21



Abstract No. 17

ELECTROREDUCTION OF SOC12 : rium constant, and v is the scan rate. The charge
transfer cd, for N electroactive species and M adsorp-

THE Pt/LiCI - AICI 3 - SOC12 SYSTEM tion processes, is given by an expression, Eq.(2)

P. Mosier Boss
1
, S. Szpak

I  j(O,t) = F L N=ll )___ _ + dt

J. J. Smith
2 

and J. R. Nowak
3  (2)

where r denotes the maximum surface concentration and

INaval Ocean Systems Center, San Diego, CA 92152-5000 v is the surface coverage.

As illustrated in Fig. 2, the addition of LiCI2Dept. of Energy, Washington, DC 20545 changes substantially the shape of the Isv curve for

otherwise identical experimental conditions. The3
Office of Naval Research, Arlington, VA 22217-5000 dominant effects are: (i) current densities are

larger in the presence of LiCI, and (ii) the adsorp-
tion relationships are modified, especially at poten-An optimization procedure, applied to the tials less than - 100mV(4).

Li/SOCI2 battery and based on sound models, falls
short of expectations. The reason for this defi- REFERENCES
ciency is attributed to a poor understanding of the 1. R. J. Nowak, D. R. Rolison, J. J. Smith and
elementary procesros occurring within the porous S. Szpak, Electrochim. Acta, in press
structures of practical electrodes(D,2). 2. K. C. Tsaur and R. Pollard, J. Electrochem

In the previous work(3,4), we examined the Soc., 133,2296 (1936)
b Ior ad pretis of a e s ewasimer sthem: 3. J. J. Smith, S. Pons, J. Li, W. West and S. Szpak,

behavior and properties of a somewhat simpler system: presentation SW-2, Third International Meeting on
Pt/AICL3 - SOC12 and concluded that the electrore- Li-Batteries, Kyoto (Japan), May 1986
duction of SOC12 in practical electrolytes follows 4. P. Mosier-Boss, S. Szpak, J. J. Smith and
a complex path of the cec-type. Moreover, the sur- J. R. Nowak, Ext. Abstr. Nr 487, Electrochem Soc.
face processes are modified by the selection of the Spring Meeting, Atlanta GA, May 1988
electrode material. The introduction of an addi-
tional component, eg LiCI, is expected to complicate
further the already complex reaction path. The
increase in the complexity is demonstrated by using
.he ir-reflectance spectroscopy and linear scan
voltammetry as the investigative tools.

IR-REFLECTANCE SPECTROSCOPY

The effect of LiCl addition on the composition
of the Pt/AICL, - SOCI, interphase both, at rest and
cathodically polarized, was examined by the ir-re-
flectance spectroscopy. Representative results,
shown in Figs. la and ib, indicate an active parti-
cipation of the Li+ions in the electroreduction
process. This participation involves establishment
of new equilibria between the various species
present at the elctrode surface as well as the
corrective adjustment of elementary surface pro-
cesses. A preliminary analysis suggests that, in
acidic solutions, the SOC]2 in the onium ion,
C12AI[(<-SC12)j] is reduced first while in the
Li< -0SC12)2

+ 
it occurs at - > - 1.2 V. It is note-

worthy that prior to its reduction, Li(<-OSC1,) 2

+

accumulates in the interphase region. Furthermore,
we note the formation of Li(SO,.SOCl2)

+ 
species at

..- 1.2 V, ie, at potentials associated with the
reduction of onium ions.

LINEAR SCAN VOLTAMMETRY

The tendency of SOC12 to solvate ions and form
complexe:, as well as the reactivity of the reaction
product with other components of practical electro-
lytes, suggests coupling of the charge transfer to
other participating processes. The shape of the Isv
curve is governed by the mass balance equation,
Eq.(1)

T"C
?, - (1)

where the source function f(.,") depends on two
parameters, viz. the thermodynamic parameter,

= KC, and the kinetic parameter, - RT c'k Here,

c is the concentration of electroactiv sp cies, k
is the appropriate rate constant, K is the equilib-



- . -Fig. 
2 CyliC voltammlogramS

(B: 
solid line: t/0.l MtiC-3.0 M AiC1 

- SOCi2 System

dashed line: Pt/3.0 M AIC13 
-SOC1 2 System

electrode area: 0.3 cm

sweep rate: 30 MV s-'

Fig. I The 940 -1400 cm-' spectral region of the

metal/electrolyte i nterphase

A--Pt/4.0 M AIC13 - SOC1, interphase

6--Pt/i.
0 

MtiC1 - 4.0 M AlCli _ SOC12

nterphase

Overpoteetials indicated



Abstract N,. 5

Investigation of High Rate Thionyl Chloride examples of the types of electrodes mentioned above
Cathode Collectors as well as some novel carbon materials. These

studies have been carried out in a flooded test
cell. The polarizations and capacities of cells made

John C. Bailey and George E. Blomgren with these materials have been measured as a function
Eveready Battery Company of the current density. This data has been

P.O. Box 45035 correlated with the details of the electrode pore
Westlake, OH 44145 structure.

A limited electrolyte cell which is intended to
The capacity and high rate performance simulate the conditions found in a practical cell has

limitations of lithium thionyl chloride cells have been designed and built. This cell is equipped with
been investigated by a number of authors. The a moveable reference electrode which can be
cathode collector has been the electrode studied most accurately positioned to determine the potential drop
often. Dey(',

2
) Investigated the performance of as a function of position within the collector.

cells made using a variety of carbon blacks and These results should allow optimization of the high
graphite. These materials had a wide range of BET rate discharge capacity in practical sealed cells.
surface areas and particle sizes. He concluded that
the cell capacity was not greatly affected by This work w:: su;rted in part by the O~fIce of
particle size or BET surface area although large Naval Research.
particle size graphite gave poor performance. These
conclusions were supported by the work by References
Christopulos anu uilmanC

3
). They found that the

coulombic capacity was proportional to the pore (1) A.N Dey, J. Electrochem. Soc., 126, 2052 (1979)
volume of the collector rather than the BET surface
area of the carbon used. However, more recent data (2) A.N. Dey, J. Power Sources 5, 57 ('980)
by Gilman and Wade(

4
) found improved performance in

LI-S0 2C12 cells made with collectors contalni,,y (3) J.A. Christopulos and S. Gilman, Record of the
high surface area carbons. These observations were Tenth Intersociety Energy Corrosion Engineering
supported by the work of Klinedinst(5,6), Ohsaki et Conference, The Institute of Electrical and
a)(7) and further work by Gilman and Electronic Engineers, New York, 1975, p 431
coworkers(

9
). Electrodes made with the highest

surface area carbons gave the highest discharge (4) S. Gilman and W.L. Wade, J. Electrochem Soc.,
capacity. The discharge capacity has also been 127 1427 (1980)
correlated with the DBP absorbtion number for most
carbons(5); however, since the electrode porosity (5) K.A. Kllnedinst, J. Electrochem. Soc., 132, 2044
was found to be proportional to the OBP absorption, (1985)
the porosity rather than this carbon absorption
property may be controlling the electrode caparlty (6) V.A. Klincdirnst and R.A. Gary, First Quarterly
The most surprising exception is Shawinigan acetylene Report, OELEI-IR-B3-0404-i December 1983
black which has high DBP absorption, but
comparatively low porosity and low capacity at high (7) T. Ohsaki et al, Extended Abstracts, Vol 84-2,
current density.(

5  
The use of additives and Fall Meeting of the Electrochemical Society, New

catalysts, chemical pretreatment and binders other Orleans, LA, October 7-12, 1984, Abstract No.
than PTFE have also been reported to improve capacity. 139, p. 207

In order to correlate and validate these (8) C.W. Walker, M. Binder, W.L. Wade an S. Gilman.
approaches to rate improvement. we have evaluated J. Electrochem. Soc., 132, 1536 (1985)

2 t



Abstract 19, I

The \ oltage [Scias i Li/tC1l2 Cells 111. Results

1,fje,, of17,MS t te Lihiu Meal Ljr,,eFT-IN spectra are a good method to get infurriution abor;t
G. Echiriger attd A3. Gabriel

the chemical nature of the protectise trnis swhich are for-
Sononshem ithcinUi6. Inustiesto~emed in lithium tells (1l. The nature of those filmus are

1)-470B~dlgn. %-Grulnlfairly snell identified in the reariroe (2). The IN methiod

1. IfltrdutJ~iO is, however, even more interesting to determine thre natnire

ince li thur rim-s therniods edit call' not stable against all of the ciemiteal reaction laycrs which are formped on

of the cornnonli used ceetrolf te solutions in lithium ''pure" lithium toil during handling and storage.

c ells, a fi lmi formatiroe occurs it Iliiurn gets in contact Fur thermnore it is possible b> that way to get some more

u Ctli the elec rrol~ te. This Is duie to a spontaneous react ion informution regarding the relat is coticentra tin of Sir i

betwee cn the tuva coiiponents. Tee soerfarmed filmi protects surface contain an ts in deperidacie ofi e.g. storage (or,

lihiun fromn luther reaction, but orr the other hand Caii- ditions, Stuch investigations eas be ised to) esranlhsr this

it's a so called soltage delayi ahuc h is espenralli pronoun- method as a regular quality acceptance test for eoenc

cdiL/,-I2 "'Ii no0 spec ial trearinenis are ursed. lithinr a hich shall be oised for lirhitn ceils.

Tises rgnircaruie of the soltage delay is considerable n Tire reprpities wlInir cdn be identified as surface Icc crs

iluenced hi. the nature and reorlphologs of the rile,. It isa lithiun foul are nspnriuils Li 2r0. L, 2e( .0l3nv LiCH. It

knowne that itirni esiiibrts sen% thin fiInis ol reaction see nis reasoiniblie to assume that LiCs 3O ai"' LiOl -in

proii is wisth the errsiron 'rental gas iin-phrrero due to in-llow products oi Li 0 si ;1 t uswell kniloss m tat Li 2

ac tons -th ii rgn, carbcin diosud- arid rnistire. Tiirre- easily pitrks up COr.' ai nisi tun'. tic.- '-rrrurig Li2 (11

tori' I di.. 'an an ric'rnstreg task to lied ourT correic- arid LiOll as seorirN procii s. Of-obs:(i%~ esprn ia~c l'lr

ic's- beta--v thrn coecee trateirl ,I the origieal filrm oil corcceiintrsi of Li 2Cu 1 use o the sarlane -,' she

lie l 'r.r irt' (' aId tire popertir-s or ft. finm ahici is Li~l- u iuiu hii is creeod. later oin at tre 1: .- 1 certine

torrinre ,, i- i in (i ( ta th the ncrvlectrcrltr'. in ccii tat I -th S cI' r'ieio(trclr. Theore an,- c .rc-

[
3
r ii-ein, of I 'crier Trastorre lrerd Spec tros.' 1 is it tios thrat ii- 1t I (tranit in Iii ur-1ir cc Iraqi-

1

,as otiriipi- to deterir the ehencical sptcie I,,irht are if thir '-ientirtin o L:2 CO ,,i Tile sarian of ills

prese-rt .'r thresnl~r ci of tush lirhIrOirirl. litlicri til is higher.

To git n rc rasier cairriariscri oi the cciiceetritio,in o! the

IL. Experiental surftace cectarn r an is. the IN spectra awere plott ite tlrn

ft-IRi spet tr~ia -e recorded awitic a Nicone t 513 x(- - un- K ubel ka Mtunk lirce arid The lighits of tie iN-1 T~ dnu

itrtiirn 'st. Tire applied teethed is dilise reilec tion ahief strigest albsorption hands iii tine irdir nel I Oil- -(c

menis that the laser bhern is refirteri at the ithirn siir- an r' (orinpared icr dierreni bairhns. \aluns f iv -r

lace arid ti-at tire reflectedf laser right is detec ted. Tci get winch has, beet, packiri ii cMteen mm re ir psi- ireo-

spri ira '' a sorra bln goon qurality of the %r r thrn filnis the tabit'. Funrtierire foir , oerl pirpoc's iii-ji-

or, the' litiri siurfacr' irori-l1v 500 scies a-eme recorded. lithium that [,as be-' aireans sragnd n,'o -' c Ic liu' I-a!

riir'-sn a, ' ~ri's onritseriice. -U1 sper( ira ar recorded iii ms. iniliding r ailt (i ine r anidnsg. have' 'n .lett ci :-

a "in rnoc-, i, p-ti'rs firther esnevssice re-aitioi -1 the nel. Thus bhritr's ,, n11Oiinplic'c ciii aI llur Ile, tr. 'l

rilirn sr,re urn, tee surroundling atiriospirere. arid the tilling holit) .rc hrccrr w-~r still 'penl'ui' i

fiiif,dt in i th, drn irrirn 'w-as bc-Ira 2 ', hi sicini. sicee I ni. tus alloinrg pernr-trarinui oi the' dr\ roo'm

tint inlcv r wi s di i'ewreirr'c iii ii' ininar brsbhrr typi' pihcr-r..r'\irrrne ar-i', iIN- -H ,c,irt aind the' ~t
ills (sir' 112 Ai-Sor %A)1 tire-i irfar - )I tincu inimi aas sirirta-i.s nrsprr itch critc IN. ihe' rr'suir It we!v

'sarnri tac r'. 12irst tilt- sniriani i If the fail a- is ( i kin( , cdeen c ,ndr'r fit, -'s i tr'ntor ruvI n rs I - r1ir, 1 u I Iir Icc.

tiuii liii' 11iii ,, sanlI- ' III,- rirrr arll ofi the-i arc hars tirrucir suriar ,' Ici-s thianc ,I il's 5,ig~ru

la-rch reurtnini iii iri ''l~ rl.,ra 'i' n.in ard mii' Re fe rence s
lithitrn sirlar- rs 'is 'ccuiii ii aigni)t i ikt' Tit' ,i' cIi lit A .\,,a n .,I~n .1 -I

I. Rart. ofr~uir th ,urlah ,. Li - fitinh 1, th. fur'' i, it c'ro- I 1in -c
I ea-g' Th, u-t s r~u ' l'rc mIii in 1i us, lii I,uii ult-m3 I3Cncr'

hyil irsa-rg inc Th, r--Il, 0...... gin a f Ohms-r i ru, 2. .S\ V iis Thur srolrid 1,-.' 1' A I I --'I.

7 d ua ii' l11 un11 g ih i-r I I fi-st rr .r- at

roc-,i t- rircnr' r-



TABLE: Absorptions of lithium carbonate and lithium oxide

on the lithium surface

Kubelka Munk units

Lithium Carbonate (lithium foil) Oxide (lithium foil)

batch number absorptions at absorptions at

1500 cm
-  

880 cm
- 1  

530 ci
-
I 680 - 630 cm

- I  
380 cm

-

C 467 0,0014 0.0028 0.0030 0,0024

C 497 0.0026 0,00(,2 0.0046 0.0028 0,0025

C 068 0.0022 0.0016 0.0061 0.0076 0.0010

C 028 010015 ,0027 r.000 0.0011 0.027

C 517 0,0006 0.0016 0.0009 0.O 1 3

...... .

I.L , '; ii

Fig 1: FT-IR spectrum of a lithium metal surface Fig. 2: 'ipei tri hg. I in Kubeika Ml)k .odc
.ith Li 2 0, Li 2CO3 LiOH
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POLYMER ELECTROLYTE-BASED LITHIUM BATTERIES - 4. STATE-OF-THE-ART
A REVIEW

Selected data will be used to illustrate general
ALAN HOOPER levels of achievement in cell performance.

With standard PEO-based electrolytes and a range
Applied Electrochemistry Centre, of cathode materials, high initial material

The Harwell Laboratory, utilizations are found at 120
5
C at rates of up to a

Oxfordshire, OX11 ORA, few hours. The substitution of more highly conducting
United Kingdom. electrolytes enables similar performance to be

obtained at around room temperature.
A general phenomenon in the performance of

I. INTRODUCTION intercalation/insertion cathode-based rechargeable
cells is that of capacity decline with cycling.

Since the concept of all-solid-state, lithium- However, in many cases the rate of capacity decline is
based, batteries employing ionically-conducting low, especially after the first few cycles and a
electrolytes was first discussed in 1978, their number of systems have demonstrated the ability to
development has centred largely around rechargeable maintain good utilizations to 100 deep discharge
systems utilizing intercalation/insertion cathodes and cycles or more.
poly(ethylene oxide), PEO, electrolytes. Early work A number of scaled-up experimental prototypes
was predominantly confined to operating temperatures hate been assembled since the latter part of 1985. At

in the range 8DOC-140nC and was aimed at applications Harwell, individual cells with VO3-based cathodes
such as vehicle traction and load levelling. Lower and capacities of up to 5Ah have teen assembled and
temperature operation was also demonstrated, but at tested. The practical energy densities of these
much reduced current densities, cells, including packaging is 85 Wh/kg and

Today, much more of the full potential of the 200 Wh/litre. A 95
5
C, lOWh cell and a room

technology in becoming exploitable. Improved temperature, 1 Wh cell have been described by the IREQ
performance at room temperature and below has opened Laboratory in Canada. Both cells were of a flat-plate
up the possibility of new applications especially design and constructed from double cathode/central
within the domestic consumer market. This has been anode, hi-cell, individual units. The characteristics
brought about mainly via progress in polymer of these various prototypes show no evidence of
development, performance degradation when increasing scale by a

factor of more than 1000 from earlier laboratory test
2. POLYMERIC ELECTROLYTES cells.

At the other end of the dimensional scale,
Over the last decade, there have been ultra-thin cells have also been fabricated and

considerable efforts to develop alternative successfully operated.
electrolyte materials with higher ionic conduyticities Modelling studies have indicated practical
at lower temperatures. A value of 10- ohm cm

-1 
at operating energy densities in excess of 200 Wh/kg and

room temperature is often seen as a useful goal. The 250 Wh/litre, for large battery modules.
results of such work, together with the concepts which Thermal management has also been addressed via
underly it have been wiaeiy ascussed and will not be both experimental and theoretica! studis. ra'
considered in detail here. Attention will be drawn, temperature rises ale generally predicted for
however to, the validity of quoted ionic batteries operating at most practical rates.
conductivities and to the many other conditions which
need to be met in order to establish a material as a 5. APPLICATIONS
useful battery electrolyte. These include the use of
non-hazardous materials; ease of thin-film The all-solid-staze, polymer electrolyte-based,
fabrication; chemical, electrochemical and dimensional battery concept is capable of leading to a range of
stability and low cost. commercial products. The energy and power density

requirements of applications such as electric vehicle
3. THE SOLID-STATE APPROACH traction can be achieved and, in the form of small and

lightweight high energy density power sources
The concept of an all-solid-state cell employing operating at normal ambient temperatures, it is also

a solid electrolyte offers the potential of a system capable of addressing the needs of a large and
which is easy to fabricate, rugged, leakproof and ever-growing domestic market in portable electronic
safe. This is made practically possible by the use of devices. Electrochemical performance will be
ionically conducting polymers which can be augmented by other device characteristics such as the
manufactured as, large area, thin films and which ability to fabricate batteries into a variety of
provide intimate contact with cell electrodes. When shapes and sizes, low self-discharge rates and the
combined with the advantages of a lithium or lithium- inherent safety characteristics of a rugged
based anode and a high performance primary or solid-state, leakproof, construction.
secondary cathode material, this provides a unique set Since the solid-state concept is particularly
of system properties, suited to applications where a planar geometry is

he most thoroughly studied cell configuration either desirable or necessary, this may also lead tocomprises a lithium metal oil anode, a film of the realization of integral, primary and rechargeable,
coprss itim ealfilaoda im f solid-state power sources foe electronic and

polymer electrolyte and a composite cathode midpoelectronic and

incorporating a suitable active material together with microelectronic devices.
Although currently estimated costs do not rule

asout the technology for any of the applications
Most attention has been given to secondary systems considered above, the application of polymer
using intercalation (e.g. TiS 2 ) or insertion electrolyte solid-state batteries is likely to begin
(e.g. V6013 ) compounds as cathode materials.

The practical realization of the various cell in niche markets. Once established technically, wider
components and the relative merits of available application will ensue and, in some cases, superior
fabrication technologies will be discussed, performance characteristics will allow for a cost

premium. In other situations economies of scale will
reduce cost differences. In terms of battery size,
small cells, perhaps of unconventional geometry, will
emerge first with ongoing development and scale-up

'.9
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ELECTRODE AND ELECTROLYTE MATERIALS FOR Along this line, we will report here the
electrochemical characteristics of a modified

POLYMER-BASED LITHIUM BATTERIES polymer electrolyte having an enhanced room-

Bruno Scrosati temperature conductivity.

Dipartimento di Chimica, University of
Rtimeo dIta Among the various polymers which can be

Rome, Italy. ea3ily oxidized and reduced, those based on

electrochemically synthesized heterocyclic

The discovery of polymeric materials compounds, such as polythiophene, polypyrrole

which are characterized by fast ionic trans- and derivatives, appear to be as the most pro-

port(l) or by electrochemically induced doping mising electrodes in lithium batteries(9-12).
processes(2) has opened a new area in lithium The behavior of these polymer electrodes
battery technology, will be here considered in terms of recharge-

The availability of electrolytes which are ability, energy content and charge retention.

plastic and can be easily prepared in the form
of a thin film, is of extraordinary importance Finally, polymer electrolytes and polymer

for the design of new types of batteries having electrodes can be combined to form polymer/
unique construction properties, namely varia- polymer, thin-layer, lithium batteries. The

ble geometry, large active area, flexibility characteristics and performance of this advan-

of operation and safety(3). ced type of solid-state power sources will
be described and evaluated.

Accordingly, the possibility of electro-

chemically driving the oxidation-reduction References.
processes of electronically conducting poly-

mers, has favoured the use of these materials (1)- C.A. Vincent, Progress in Solid State
as new types of electrodes in rechargeable Chemistry, 17, 145 (1987).

lithium batteries having important specific (2)- B.Scrosati, Progress in Solid State
characteristics, such as high energy and Chemistry, 18 , 1 (1988).

safety.
(3)- B.Scrosati, in 'Polymer Electrolyte

The most common polymer electrolytes are Reviews 1', C.A.Vincent and J.MacCallum
complexes between poly(ethylene oxide),PEO, Eds., Elsevier Appl. Science Pu.,London
and lithium salts. These electrolytes are

currently used in the development of recha-
rgeable lithium batteries (5-8) based on (4)- A.G.MacDiarmid and R.B.Kaner, in
'conventional' electrode materials, i.e. 'Handbook of Conductinq Polymers', T.A.
a lithium metal anode and an intercalation Skotheim Ed., M.Dekker Pu.,New YorkWl986

compound cathode. pag.689.

However, to date relatively few studies (5)-A.Hooper and J.M.North, Solid State Ionics
have been reported on the characteristics of 9&10, 1161 (1983).

the electrode/electrolyte interfaces, all this (6)- M.Gauthier et.al., J.Electrochem.Soc.,

despite to the fact that the definition of the 132, 1333 (1985).
interfacial processes is most important for 1 3 9

the effective evaluation of the battery perfo- (7)-M.Z.A.Munshi and B.B.Owens, Solid State
rmance. Ionics, 26, 41 (1988).

Therefore, in this paper the kinetics of (8)-F.Bonino,M.Ottaviani,B.Scrosati,G.Pistoia,

the lithium metal electrode and of selceted J.Electrochem.Soc.,135, 12 (1986).
or._crL-ion lectrodes in PtU-based electro- (9)-S.Panero,P.Prosperi,B.Klaptse,B.Scrosati,

lytes, will be discussed on the basis of Electrochim.Acta, 31, 1597 (1986).
cyclic voltammetry, polarization curves and
a.c. impedance analysis. (10)-S.Panero,P.Prosperi,F.Bonino,B.Scrosati

PFO-based polymer electrolytes require Eleotrochim.Acta,32, 1007 (1987).

a relatively high temperature of operation (11)-S.Pancro,P.Prosperi,B.Scrosati,
(typycally around 100 °C). This may not be a Electrochim.Acta, 32, 1465 (1987).

serious drawback if the polymer electrolytes (12)-B.Scrosati,S.Panero, P.Prosperi,
are directed to the development of high-rate P u2

Li batteries. However, a temperature of J.Power Sources, 19 27 (1987).

operation above ambient may result critical (13)-S.Panero,P.Prosperi,B.Scrosati,
for a successful application in power sources Electrochim.Acta, 32, 1461 (1987).
designed for the consumer electronic market. (14)-F.Crocc,S.Panero,P.Prosperi,B.Scrosati

Since polymer-based Li batteries appear

particularly suitable for this type of appli- Solid State Ionics, in press.

cation, polymer electrolytes having improved
low-temperature electrical properties would be

mostly welcomed.
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Polymeric Solid Electrolytes:
Microscopic Models and Motion Mechanisms

M. A. Ratner and A. Nitzan

Department of Chemistry

Northwestern University

Evanston, IL 60208

Although early treatments of the motion

mechanism in polymer solid electrolytes

were based upon the free-volume concept, it
has become increasingly clear that the

simple free-volume picture is inadequate.
This inadequacy arises partly from the
nature of the polymer motions that promote

ion transport, and partly from the strong
interactions both among the ions and be-
tween the ions and the solvating polymer.
Early discussion in terms of a modified

weak electrolyte model, in which the trans-
port rate included a Boltzmann prefactor
describing the concentration of free
carriers, improves the picture somewhat.
However, the high molar concentrations

generally found in these materials imply
the behavior to be roughly that of a sol-
sated molten salt, in which the ionic

coulomb interactions, while not determining
the structure, are critical for understand-

ing the transport.
Two important factors appear in the

conductivity expression. The first of
these is a one-particle factor, involving
the mobility of the individual carriers.
In this factor enter free-volume type

terms, motion of the polymer host and size

considerations. A second term involves
interionic interaction; this may or may
not be representable in terms of pair
potentials, and is the major complication
that extends beyond simple free-volume

concepts,

Two models are discussed to deal with

these complications attendant upon the
conductivity in these materials. In the
dynamic percolation picture, the ionic
motion is discussed in terms of a site
model, with the hopping probability from

site to site determined by dynamical

motions of the liquid (dependent upon the
free volume). The percolation is, how-

ever, of interacting type; results are
presented for interacting particles in
a dynamic percolation context, and comments
are made on transference numbers and
mobilities. The second model is full-

continuum Langevin dynamics, with inter-
ionic interactions included. The effective

potential acting between the ions is
described by a combination of macroscopic
electrostatic concepts and microscopic
interionic interactions,

Results for the conductivity, tracer

diffusion, vibrational spectra, transfer-

ence numbers and thermal dependence will
be presented. Comparison with spectro-

scopic and transport measurements on poly-

mer electrolyte systems will be presented.

II I i I ii i il ,1
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POLYPHOSPHAZENE-BASED SOLID-STATE SECONDARY the first cycle. Figure 2 shows the performance of a
LITHIUM BATTERIES Li/TiS2 cell containing the fiberglass-supported

MEEP-(LiClO4 )0 .25 electrolyte at room temperature. The
M. Alamgir, R. K. Reynolds and K. M. Abraham cell had a cathode area of 2.0 cm

2 
and a theoretical

capacity of 2.3 mAh. At 0.? mA, the discharge capa-
EIC Laboratories, Inc. city obtained was 0.48 mAh, or 20% of the theoretical
Norwood, MA 02062 cathode capacity. The cell could be charged to

recover '50% of the discharge capacity at half the
INTRODUCTION discharge rate. The reason for this poor charging

efficiency is being investigated. While the fiberglass
Li-salt complexes of polylbis-(methoxyethoxy- matrix supported-electrolyte allows the use of MEEP in

ethoxide)phosphazene), or MEEP, have Li conductivi- practical cells, the high conductivity of the electro-
ties which are among the highest known for polymer lyte is somewhat compromised by the porous glass mat-
electrolytes (1,2). Dpnit conqiderahle interest in rix. We developed an alternate route to utilize the
utilizing these electrolytes in solid-state Li batter- excellent conducting properties of the MEEP-electro-
ies, reports of cell cycling performance with MEEP- lyte by blending MEEP with PEO (3).
based electrolytes have been rather limited. This is
partly due to their dimensional instability that, During optimization studies of composition of
unilke poly(ethylene oxide) (PEO)-based electrolytes, the mixed polymer electrolytes, we found that it was
prevents them from being cast as free-standing, thin not possible to cast a morphologically uniform film
films. We have recently shown (3) that addition of from an apparently homogeneous solution of pure MEEP
high molecular weight PEO enhances the dimensional and PEO in ratios containing 30 or mere weight percent
stability of MEEP-based electrolytes. Conductivity of MEEP. The films appeared nonuniform and isolated
data and cycling results of Li/TiS2 cells utilizing regimes of PEO and MEEP coexisted. There apparently
MEEP/PEO-LiC0 4 mixed electrolyte suggested signifi- occurs a separation of phases. Addition of a Li-salt
cant performance improvements over cells containing to this solution allowed casting of smooth and homoge-
PEO-based electrolytes. We report here our recent res- neous films. However, it appeared that above 70 w/o of
ults for a series of MEEP/PEO-LiX mixed electrolytes MEEP, a mixture of MEEP/PEO/LiX does not form a
in which LiX is LiCl0 4 , LiBF4 , LiCF3SO3 or LiAsF 6 . In homogeneous film. There is again separation of the
addition, we demonstrate the feasibility of utilizing MEEP and the PEO domains. The optimum composition with
pristine MEEP-LIX electrolyte in rechargeable Li/TiS2  regard to conductivity and homogeneity of the film
batteries by supporting It in a fiberglass separator appeared to lie between 55 and 70 w/o of MEEP, or cor-
matrix. respondingly between 45 and 30 w/o of PEO. Figure 3

shows the conductivity versus temperature data of 55
EXPERIMENTAL w/o MEEP:45 w/o PEO doped with different Li-salts. The

Li' to oxygen ratios for PEO and MEEP were 1:8 and
MEEP was prepared according to the procedures 1:4, respectively. The conductivity data in Figure 3

described by Allcock et al. (4). MEEP-LiX electro- were obtained on a second heating cycle from room tem-
lytes were prepared by dissolving MEEP and appropriate perature. The highest temperature studied was I0O°C.
amounts of the Li-salts in acetonitrile. Mixed elec- Below 60°C, the values in the first heating cycle were
trolytes were prepared by dissolving PEO (Poly- about an order of magnitude lower for LiBF4 and
sciences, average MW = 5 x 106), MEEP and the Li LiCl0 4 . Above this temperature the conductivities on
salts in acetonitrile. Films were cast on Teflon the first and the second heating cycle were essen-
dishes and were dried under vacuum at 50*C for 2 days. tially the same. LiCl04 and LiBF4 yielded the highest

conductivities. The conductivities of the films con-
Conductivities were measured by the AC impedance taining LiAsF6 were the lowest among the salts

technique, between 100 kHz and 5 Hz, with stainless studied. DSC studies revealed that the melting of the
steel electrodes using an EG&G PAR Model 273 impedance LiAsF6 -complex occurred at a relatively high tempera-
system. Sample films were held between the electrodes ture of 112°C. However, the conductivity of the tri-
by compression springs and the cell was housed inside flate film was puzzling. Its conductivity showed only
an O-ring sealed glass tube having electrical leads. monotonous increase over the temperature range of 25
Conductivity versus temperature measurements were per- to 100°C. A DSC trace of this film, however, showed a
formed inside a constant temperature chamber. DSC melting point peak of 67=C, which is virtually the
measurements were carried out with a Perkin-Elmer same as the melting point of PEO alone. The DSC and
model DSC7 calorimeter, x-ray diffraction studies suggest that the observed

conductivity-temperature behavior of the various mixed
Li/TiS 2 cells were fabricated by sandwiching the electrolytes may be explained in terms of crystalline-

MEEP.(LiClO4 )o.25 or the fiberglass-supported amorphous phase transitions in these complexes. In the
MEEP.(LiCIO 4 )0 .25 electrolyte between a Li anode, first heating, the crystalline phases melt around 65°C
pressed onto Ni screen, and a TiS2 composite cathode, and a substantial amorphous phase is retained even
The electrode package was held tight between two steel after cooling to room temperature. Consequently, the
plates by compression springs. The glutinous MEEP near-ambient temperature conductivity is significantly
electrolyte was spread over one face of the LI anode higher following the first heating.
and left overnight to form a uniform layer. In the
other modification, a 2 mil thick fiberglass mat Acknowledgement: Financial support was provided by the
(porosity 90%) was laid over the electrolyte-coated Li Office of Naval Research, Contract N00014-87-C-0857.
anode and left overnight to wet. All the cells were
prepared cathode-limited. Cells 'tre discharged/ REFERENCES
charged galvanostatically betw-en 3.0 and 1.6V. 1. C. Vassort, M. Gauthier, P. E. Harvey, F. Brochu

and M.B. Armand, "Primary and Secondary Ambient
RESULTS AND DISCUSSION Temperature Lithium Batteries", J. P. Gabano, Z.

Takehara and P. Bro, eds., The Electrochemical
Figure 1 shows the discharge/charge performance of Society, PV88-6, 780 (1988).

a Li/TIS2 cell containing neat MEEP.(LiCl04 )0 .25  2. P. M. Blonsky, 0. F. Shriver, P. E. Austin and H.
electrolyte at two different temperatures. The elec- R. Allcock, J. Am. Chem. Soc., 106, 6854 (1984).
trolyte showed a tendency to flow out of the cell on 3. K. M. Abraham, M. Alamgir and S. J. Perrottl, J.
holding the cell In positions other than the horizon- Electrochem. Soc., 135, 535 (1988).
tal. The cell shorted after a few cycles. It should be 4. H. R. Allcock, P. E. Austin, J. T. Sisko, P. M.
noted that several other attempts to fabricate neat Blonsky and 0. F. Shriver, Macromolecules. 19,
MEEP.(LC104)0.5y-based cells led to cell shorting In 1508 (1986).
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Fig. 2. Performance of a "supported"
Li/MEEP-(tLClO4 )0.2 5/TS2 cell at room
temperature.
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EFFECT OF 7-RADIATION ON THE STRUCTURE AND The FT-IR spectrum of a thin film of MEEP

IONIC CONDUCTIVITY OF MEEP + LITHIUM SALTS. containing lithium triflate is shown in

Fig. i. There is a large relative intensity

Oh. Nazri and S.G. Meibuhr change between the spectrum of these thin

Physical Chemistry Department films and that of the bulk material. These

Gereral Motors Research Laboratories relative intensity changes for different

Warren, MI 48090 polarizations can be attributed to the

preferred orientation of the molecule on

Reports of high ionic conductivity in the gold substrate.

polyethylene oxide (PEO) + lithium salt

systems at temperature >60 C have Figure 2, which shows the spectra in the

stimulated interest in rechargeable lithium range 900 cm to 1500 cm for both non-

batteries, using polymer electrolytes. PEO irradiated and irradiated MEEP using only

polymers undergo a phase transition at 60- S-polarized light, (solid line corresponds

650C to become amorphous. Different to the non-irradiated sample) confirms that

approaches to obtaining an amorphous the PN backbone is still parallel to the

polymer and thereby improving the ionic substrate after irradiation; however, the

conduction at room temperature have CO and CC peaks show a contribution caused

included polymer modification by a) by a dipole moment normal to the substrate.

chemical modification to the polymer itself This indicates an interaction of the

(I), b) physical modification to the sidechain of one polymer molecule with

polymer electrolyte by using addition another polymer molecule. Due to this

agents (2), or c) the use of entirely new cross-linking, a polymer with higher

polymeric materials (3). A new polymer, 2- viscosity is expected.

(2-methoxy-ethoxy-ethoxy) polyphosphazene In Fig. 3 are shown the conductivity data
(MEEP), was reported to have lithium ion
conductivity greater than comparable vsir000/t fo MEsames ta ad be

polymers based on polyethylene oxide (4) at 7-irradiated to dosages of 2.8 and 10MRads. Samples of blEEP that had been
ambient temperature. irradiated showed a significant reduction

4
n fluid flow at room temperature. Since

MEEP-salt complexes are elastomeric 
and

the IR study clearly showed evidence of
readily undergo plastic flow. This 

report

describes an examination of the structure crosslinking due to 7-irradiation, it

of a MEEP-Li salt complex with infrared appears that such crosslinking does not

spectroscopy and measurements of the A.C. severely affect the conductivity of MEEP.

impedance. We also present results on the REFERENCES

effect of 7-irradiation on the polymer as a

means of decreasing its plastic flow I. D.W. Xia, D. Soltz, and J. Smid, Solid

through irradiation crosslinking. State onics, 14, 221 (1984)

Two types of experiments were performed on 2. G. T. Davis, National Bureau of

the MEEP containing lithium triflate. The Standards News Release in HIGH TECH
A.C. impedance of the MEEP was measured

between two electrodes at different Materials Alert 2, March 1987.

temperatures and on samples before and 3. R. Dupon, B. L. Papke, M. A. Ratner,
after they were 7-irradiated. In the and D. F. Shriver, J1. Electrochem.
second series of experiments, the FT-IR Soc., 104, 588 (1984).

spectra were collected from thin films of

MEEP that had been deposited on gold. 4. P. M. Blonsky, D. F. Shriver, P.

Spectra were also collected from these
Austin, and H. R. A11cock, J. Am. Chem.

samples after they had been exposed to 7- A 885 (1984)

irradiation. Soc., 06, 6854(1984).
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Secondary Lithium Solid Polymer Electrolyte Cells 2. Sinha, S. and Murphy, D. W., Solid State Ionics,
Kathleen A. Elm and Anthony F. Sammells 20, 81 (1986).

3. Whittingham, M. S. and Gamble, F. R., Mater. Res.

Eltron Research, Inc. Bull., 10, 365 (1975).

4260 Westbrook Drive 4. Murphy, D. W., DeSalvo, F. J., Cardes, J. N. and

Aurora, IL 60504 Waszczak, J. V., Mater. ies. Bull., 13, 1395
(1978).

A strategy for developing morphologically invar- 5. Dines, M. B., Mat. Res. Bull., I0, 287 (1975).

lant lithium/solid polymer electrolyte interface is 6. Abraham, K. M., Pasquariello, D. M., Willstaedt,

being investigated via the use of lithium intercalated E. B. and McAndrews, G. F., Paper #74 presented
electrodes. Emphasis is being placed upon the rutile at The Electrochemical Society Mtg., Honolulu,

material LixWO
2 

0.1 < x < 1.0. An absence of shape Hawaii, 1987.

change at this interface is expected to result In both 7. Wright, P. V., Br. Polymer J., 7, 319 (1975).
long cycle life electrochemical cells and the simul- 8. DuPon, R., Whitmore, D. H. and Shriver, D. F.,

taneous maintenance of small Interelectrode spacing J. Electrochem. Soc., 128, 715 (1981).
so that low IR losses can be maintained. 9. Kelly, I., Owen, J. R. and Steele, B. C. H.,

During fabrication of cells investigated here both J. Electroanal. Chem., 168, 467 (1984).

electrochemical and chemical lithium intercalation of I0. Blonsky, P. M. and Shriver, D. F., J. Am. Chem.

WO
2 
was pursued. In the case of larger WO

2 
electrodes Soc., 106, 6854 (1984).

initially prepared for fully discharged ctate
cells, electrochemical intercalation during cell

charge was found to require significant time, and the

reproducible achievement of complete uniform inter-
calation across the negative electrode became an

issue. Emphasis was consequently placed upon cells

fabricated using LixWO2 electrodes initially chem-
ically intercalated by lithium prior to cell assembly.

Previous work
- 3 

has demonstrated direct lithium

intercalation of metal dichalcogenides using n-Bull.

Lithium activity in n-Bull is, however, insufficient

to achieve lithium intercalation of WO
2

4
. However,

recent work has shown that WO
2 
can be directly lithium

intercalated upon immersion in lithium naphthalide
5 ,6

.
LIxWO

2 
electrodes prepared in this work were inter-

calated using lithium naphthalide (0.SM) in 2MeTHF.

Lithium intercalation was found to readily occur at

room temperature, being initiilly rapid and slowing
as bulk intercalation within the electrode proceeded.

For electrodes intercalated in this manner, a relation-
ship was identified between the degree of lithium

intercalation and initial open-circuit potential in

liquid non-aqupous electrolyte. Lithium ion conduct-
ing gPEs being investigated by us in this program

include those based upon poly(ethylene oxide) 
, 8 ,

poly(ethylene oxide)/poly(ethylene glycol)
9
, and the

polyphosphazenes
1 0 , 

thereby permitting cells of the

general configuration

LiWO /1+SPE/TiS2

to be prepared. Emphasis, however, has been placed

upon the poly(ethylene oxide)/poly(ethylene glycol)

SPEs (PEO/PEG), where the amorphous lithium ion con-

ducting phase of PEO is stabilized by the PEG at tem-
peratures close to ambient. Cells were prepared by
contacting fully charged half-cells via a previously

cured PFO/PEG film containing IM LiCF
3
SO

4
, followed

by a thermal excursion to 80'C under vacuum for 2 irs.
so as to achieve acceptable contact at each respective

electrode/SPFF interface. To delineate the respective

electrochemical performance of each electrode, cells
were also prepared containing a unit activity lithilm

reference electrode strategically placed coaxlally in
the counter electrode compartment.

Comparative electrochemical performance of half

and full SPE cells as a function of fabrication tech-

nique and initial degree of lithium interralation,
will he addressed together with their potential util-

Ity as long cycle life galvanic devices.
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IMPLANTABLE POWER SOURCES - AN OVERVIEW no appreciable voltage delay. For this application, solid
cathode/liquid organic electrolytes have proven to offer the

Curtis F. Holmes best features. The Li/ V2 0 5 was the first system to be used in

an implantable defibrillator. Lithium/ silver vanadium oxide

Wilson Greatbatch, Ltd. (Li/Ag 2V4 01 1) cells have been developed and are being used

10,000 Wehrle Dr. in clinical evaluations.
Clarence, NY 14031

There are currently under development several devices which

will require secondary implantable batteries. Among these are
INTRODUCTION the implantable gait assist device and the left ventricular assist

device. It is likely that recent advances in the development of
Implantable biomedical power sources have been in use since rechargeable lithium cells will lead to the availability of
the development of the implanfable cardiac pacemaker in rechargeable lithium batteries to power these devices.
1958 (1). For many years the pacemaker was the only
implantable device requiring electrochemical power sources, MATERIALS AND PROCESSES CONSIDERATIONS
and it remains the largest implantable application today. The
past 9 or 10 years has seen the development and introduction The design and construction of implantable batteries presents
of several more implantable devices; among them the a unique set of challenges. The obvious requirements of
neurostimulator, the drug delivery system, and the automatic safety and reliability dictate that materials compatibility
defibrillator. These devices have presented significant concerns be carefully considered and addressed. For
challenges to battery developers because they require example, the use of corrosion-resistant glasses in liquid
current-delivery capabilities far in access of those required by organic electrolyte systems is required because of the
the pacemaker (2). longevity requirements of implantable devices. Redundancies

need to be engineered into the cell designs.The production
For the first fifteen or so years of the history of the pacemaker quantities of such batteries are rarely high enough to justify
the system of choice was the zinc/mercunc oxide cell. Even automation, so attention to the special problems associated
though this cell demonstrated problems such as high with hand-type production methods is required. A
self-discharge and gas evolution, it made pacemaking comprehensive system of quality control and detailed
possible. In 1972 the first lithium-powered pacemaker was documentation of construction and inspection steps is
implanted. Over the next several years a variety of different required. Finally, methods must be developed to predict and
lithium systems were used in pacemakers. Among the couples verify long-term performance on the basis of accelerated tests
used in pacemakers were Li/SOC12 , Li/Ag 2 CrO4 , Li/CuS, Li/ backed up by an extensive life-test program.

12 -Polyvinylpyridine(PVP), and, in more limited use,

Li/Lil(A12 0 3 )/ Pbl2 , PbS, Pb. Of these, only the Li/12-PVP and CONCLUSIONS

Li/CuS systems remain in use in pacemakers today. Power sources for implantable devices have been in use sincc

the early 1960's. Lithium batteries have been used in
CURRENT IMPLANTABLE SYSTEMS implantable devices since 1972. The diverse nature of the

requirements of present and future implantable devices has
Over 85% of all cardiac pacemakers today employ the LI/ led to the development of several kinds of implantable lithium
12 -PVP system. This system contains a cathode/depolarizer primary batteries. The next generation of implantable devices

which is a mixture of iodine and charge transfer complexes of will likely require lithium secondary systems to meet their
iodine and PVP, The solid electrolyte Lit is formed in situ as requirements. Methods have been developed for the design.
the cull is discharged. manufacturing, and testing of medical batteries, which have

generally demonstrated a high level of reliability.

The Li/CuS system, also used ir cardiac pacemakers today, is

a solid cathode, liquid organic electrolyte cell with a two-step REFERENCES
reaction which produces a lower voltage plateau near cell
depletion, providing an indicator of approaching end of life. 1. W. Greatbatch and C. F. Holmes, in Proceedings of the

Symposium on History of Battery Technology, (A. J. Salkind,

Implantable drug delivery systems typically use soluble Ed.), 232, The Electrochemical Society, Pennington, N. J ,
cathode technology because of the high voltage requirements 1987).
and the milliampere-level pulse requirements. The Li/SOC12

system and the Li/ BCX system (BrCl in thionyl chloride) are in 2. C. F. Holmes, in, Proceedings of the Second Annual Battery

use. Conference on Applications and Advances, (R. Das. B. M
Eliash, H. A. Frank. and D. F. Pickett, eds.) The

The implantable automatic defibrillator requires a battery Electrochemical Society, Pennington, N. J. (1987), p 25.

which can deliver pulses on the order of two amperes over a
background current of about 25 microamperes. There can be
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there is renewed interest in lithium/polymer cathode cell
Lithium Secondary Batteries: systems. Although they do not appear to be capable of

Role of Polymer Cathode Morphology achieving the theoretical specific energies of the solid
intercalation cathodes, under certain conditions they may

Katsuhiko Naoi*.*', Tetsuya Osaka** and Boone B Owens' exhibit superior values for the power density in energy
storage devices.

• Corrosion Research Center, Dept. of Chem. Eng.,
University of Minnesota, 112 Amundson Hall, 221 Church St SE,
Minneapolis, MN 55455 I. Naoi, K. and Osaka, T., J. Electrochem. Soc.. 134
** Dept. of AppL. Chem., Waseda Univ., 3 Okubo. Shinjuku, Tokyo 2479 (1987).
t6t), JAPAN

2. "Electrically Conductive Polymers As Rechargeable
Promising cathode materials for rechargeable lithium Battery Electrodes," D. Nacgele and R. Bittiliu. Abstract

electrochemical cells include solid intercalation compounds No. A5-3, Extended Abstracts, p. 310, 6th International
such as metal oxides or sulfides and tlectroactive, polymer Conference on Solid State Ionics, Garmisch-
-a'hode materials such as polyaniline or polypyrrole. The Partenkirchen, September 6-1I, 1987.
theoretical values for the specific energy of the electrode
couples maybe calculated for these two classes of cathodes; 3. Ishihara et al., CRIEPI report T86055 (1987.
the solid oxide type cathodes exhibit theoretical specific
energies in the range of 300-1000 Wh/kg, compared to 4. Ogawa et al., The 27th Br" ry Symposium Japan. p.
values of about 200-400 Wh/kg for the polymeric cathode 197 (1986).
materials. Lithium/polymer cathode cells have intrinsically
lower values for specific energy because of the low doping
level of the polymer films and the requirement of ionic
doping associated with the faradaic reaction. Further, slow
ion diffusion within the bulk of the polymer films results in
limitations on the rate behavior of such cell systems. Pt NBR Pt NBR/'PPy Pt PPy

An electrochemically- formed conducting polymer
film ttf polypyrrole (PPy) has been grown on an electrode
substrate; when the substrate is precoated with a filn of [
nitrile butadiene rubber (NBR), a highly enhanced anion •etrr- Rinsing with
doping-undoping process results because of the oriented- j outte-znatinn rsn.c sotven'

growth structure. This is illustrated in Figure 1 which
shows that the polypyrrole cathode materials are grown as NBR pre-coaing Formaton of Removt
continuous fibers or dendrites normal to the plane of the NBR/PPY atoy ot NBR
electrode (Ref 1). In order to prepare this high surface area
electrode structure, the NBR film is solvent cast onto the
surface of the electrode. When this insulated electrode is Fig. I Preparation procedure of NBR/PPIy film
inserted in th. electrolyte solution (for example, LiClO4 in
acetylnitrile) ti : NBR film is partially dissolved As
channels are opened up due to this dissolution, the
electropolymerization of the pyrrole initiates at the electrode Pt Eec'rode NSR 41tm
surface. The polypyrrole film then deposits in the direction
perpendicular to the substrate, forming withins the matrix of
the NBR host-polymer. The guest PPy polymer grows
through the fine channels etched by the penetration of the I
electrolyte into the NBR film during electropolymerization as
shown in Figure 2. The host polymer of NBR filmt is -Tubutlr channel
subsequently removed in order to leave the backbone of the I/
precipitated PPy film. Pore etching

Potential step and AC impedance measurements for sotye Iersan me
these electrodes demonstrate that the NBR/PPy electrode growtheo e
exhibits a faster anion doping process than an ordinary PPv
electrode (Ref I ). Inspection of the surface of the filts by Chief o-- Etcend layer
Scanning Electron Microscopy revealed that the PPy film p'e . ' efore PPy hins
grown directly on platinum substrate exhibits a relatively started to grow
compact structure of approximately I pm thickness. In con-
trast the PPy film formed by the NBR process exhibited a
porous topen structure with a thickness of about 2-3 pitt
when equivalent amonnts of polymer were deposited I Fig.2 Schettiuc model tor iuSular channel forinttio into

coulomb/cm
2). NHR ftilit und po, ter gr-, It thirough it

The polypyrrole exhibits a doping level of about 33
percent and this cathode has been developed into a
commercial battery design (Ref 2). More recently
polyaniline (PAn) was reported to exhibit a doping level in
excess of 80 percent (Ref 3); this results in an increase in the
btiretical specific energy for a cell system utilizing such a Acknos, ledeement

cathode. The Li/PAn systctot has also been recen'ly reported
:na ctommercial battery development (Ref 4). With advances Tb'i, ittvestlgation v;I NuplsutlUld II pri r hk a (rul of
n the doping levels and also the ability to control the Scientific Research fromi tile Jllmnewtv M\hiiUtms( I t,nlon

morphology in a manner that enhances the rate capability. and in part by the Office it" N, al Recarct
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A COMPARISON OF LITHIUM ION
CONDUCTING AND DIVALENT

ION CONDUCTING POLYMER Acknowledgements

ELECTROLYTES
IN SECONDARY SOLID STATE BATTERIES This work was carried out with the financial support

A. Gilmour, M.Z.A. Munshi from the Lawrence Berkeley Laboratory.
B.B. Owens and W.H. Smyrl

Department of Chemical Engineering and Materials Science
Corrosion Research Center References

University of Minnesota
221 Church St. SE I) M. Armand, Solid State Ionics, 9/10, 745 (1983).

Minneapolis, MN 55455 2) A, Hooper and B.C. Tofield. J. Powcr Sou,ces, 11, 33

(1984).

Complexes of polyethylene oxide (PEO), and lithium 3) M. Gauthier, D. Fauteux, G. Vassort, A. Belanier, "t'.

salts have been shown to be promising materials as the solid Duval, P. Ricanx, J. Chabagno, D. Muller. P. Regaud,
M. Armand and D. Deroo, J. Electrocheit. Soc. 132

state polymer electrolyte element in the development of high ( 1985).
energy lithium batteries (1-5). The present study was -4) M. Gauthier, A. Belanger, D. Fateaus, M. Dusal. B.

Kapfer, M. Robitaille, R. Bellemore and T. Giguere. 3rd

Int. Meeting on Lithium Batteries, Kyoto. Japan 1986.focssed on divalent metal systems that ight offer the abst. IN. ST-I l.

possibility of increased specific capacity orenergy density. 5i M.Z.A. Munshi and B.B. Owens. Proc. of the Syntp

Magnesium is of particular interest because of its on Primary and Secondary Ambient Temperature
Lithium Batteries, Eds. J.P. Gabano, Z. Takehara and

diagonal relationship in the periodic table with lithium. P, Bro, Proc. Vol. 88-6. The Electrochem. Soc., p.
737, (1987).

Recently, the solid magnesium perchlorate-PEO complex.
6) A. Patrick, M. Glasse, R. Latham and R. Linford. Solid

(PEOs:Mg(ClO42) has been shown to give conductivities State lonics. 18/19, 1063 11986).

between 
1
0
-5 

and 10.6 S/cm at 90°C (6). This is comparable 7) F.M. Gray J.R. MacCallum and C.A. Via .- ',it Solid
State lonics, 18/19, 282 (1986).

with that for lithium polymer electrolytes at similar

temperatures.

The cells studied in this laboratory, M/MX in

PEo/V 6 O 3 , have been based on a divalent metal an(lde, a

polymer-divalent salt electrolyte and a V6 0 1 composite

cathode. The divalent metal systems being studied are based

upon anodes of magnesium, ca
t
cium. zinc and copper. Cells

of area 6.4 cm
2 

have been cycled at constant current

discharge and current limited constant voltage charge at

various rates. Preliminary results indicate that the copper

and zinc systems are reversible. Cycling data have been

compared with those of the corresponding lithium systems.

The polymer electrolytes have been prepared by two

methods

I ) solvent casting.

2) hot-press technique 17).

The two preparative tech'iqtes were compared via a c

conductivity measurements. The hot-press preparation

permits synthesis without the complications of solvent

addition and subsequent removal.

19
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Li - Reactivity of Silicate Glasses: Li/separator samples conducted to 3000C. In general. Na20 and

Influence of Glass Composition K-O appear to be associated with greater Li - reactivity, while

CaO and A]20 3 are associated with lesser reactivity. However,

Wendy R. Cieslak the interactions between these different constituents are difficult

Exploratory Batteries Division to identify in commercial glasses that contain several other

Sandia National Laboratories constituents. Therefore, we fabricated a series of experimental

Albuquerque, New Mexico 87185 glasses, Table II, to study the reaction mechanism(s).

Brian L. Maschhoff Summary
Neal R. Armstrong

Department of Chemistry The variation in compositions of glass separators leads to

University of Arizona different products having large differences in reactivity. Some

Tucson, Arizona 84721 commercial silicate -based glasses do not substantially react with

Li in tests to 300'C. The present investigation has used

Introduction experimental glasses of simplified compositions to differentiate
the roles of AI20 3, CaO, and Na2 0 in glass stability in the

Although silica - based papers are commonly used as presence of Li. Reaction mechanisms will be proposed on the

separators in LiISOCI2 cells, Si0 2 is thermodynamically unstable basis of XPS and quantitative DSC analyses.

with respect to lithium. Many silicate glasses are highly reactive

with lithium. For very long-life applications (i.e. 10 - 15 years) Acknowledgetents

aud for reserve lithium technologies, the reactivity of these

silicate materials is expected to become a life-limiting factor. This research was supported by the U. S. Department of

Nonetheless, a screening study
1 

has indicated that some silica - Energy ttnder contract no. DE-AC04-76DPIX)7g9, Sandia

based papers are much more resistant to lithium than others. National Laboratories, and the Materials Characterization

Program, State of Arizona. The authors are grateful to B. C,

It is difficult to study corrosion processes involving lithium Bunker and R. D. Watkins, both of Sandia National
using most cx situ techniques because environmental reactions Laboratories, for technical discussions and glass fabrication

alter the surface of intern! lowever, it is possibl to ijnc iigttc support.

surface interactions with lithium using in vactuo surface analstical

techniques
2 ,3

. For example. X-ray photoelectron spectroscopy References

(XPS) has been used to monitor the reaction occurring when

lithium is deposited on a freshly cleaved silica surface. Muhiple I. W. R. Cieslak, Proceedinms 3rd Infernational Posr

states were found for silicon in the final product, rather than the Siurces Symposium, Cherry Itill. NJ. 13-16 June 1988.

complete reduction of Sin 2 to elemental Si. Further-re, the 2. B. L. Maschhoff. K. R. Zavadil, K. W. Nebesny, and

resistance of sodium and potassium silicate glasses
4 

to lithium . . Armstrong. .4c. Sci. Technol,, in press.

degradation was found to be greater than that of pure SiO 2 This 3. B, L. Maschhoff, K. R. Zavadil and N R. Amastrong,

enhancement in durability was associated with the presence of Applied Surface Science 27 (19861 285 - 298.
non -bridging oxygens in the matrix. Investigations of lithinm 4. B. I.. Maschhoff and N. R. Armstrong, Surf Interfac

reactivity have been extended to a variety of glasses
2

_
5

, including Anal., in press.

aluminosilicates, but have not yet included a wide range of both 5. K. R. Zavadil, C. 11 Peden, and N. R Armstrong. to

sodium and calcium additions to the aluminosilicate mat'ix, he published.

Approach

Cnmmercial glass separators vary substantially in

composition. as shown for four silicate - based glas papers in

lale I ' he qualitative statements of reastivily in the TIabl ire

based on differential s_-anning calirinetry iDSCi tc't" it
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A COMPARISON OF LITHIUM,1MAGNESIUM., AND C.\LCII'M The BrF3 was obtained from Ozark -NIahoning and
ANODES IN BROMINE TRIFLUDRIDE used witlhout further purification. Tbe fresh BrFj frottt

K. f. ark D.E. tilellthe container was pale Yellow indicatinrg (the p recntc ot
K. II. Par . D. E. Stlel.0.E lle, bromine. The set-up was evacuated and then filled with a

R. A Hll
1

ins, anid M. It. MifeCs nitrogen atmosphere prim to filling the cell with ItIrF;
Chlistry Division, Research Departmtenit About 15 mL of BrF3 was used for each experinient. Spsenti

Naval Weapons C'eniter, Chitta Lake. CA '93555 solvents weere ullowed to react with sand priior to dispiosal

INTRODUCTION RESULTS AND DISCUSSION
scl The cuse of bronmine trilluoride: With lithiumt, Oagre- Tile open-circuit potential of lithium in Bre~ solo'
intand calciunt anodes offers the possilit I it of new

batters svstens that have high cell voltages and energy nion was stable at -5.12 ±0.03 V vs. Pt. wchereas the equtlir-
detiiis (Table It. Broomine trifluoride is a vets reactive iuns cell potential is calculated to be 5.26 V at 25

5
C. based'

substance that acts as a supplier of fluorine to the clectro- on the cell reaction:
chemical cell. This intrhalogen compound is a portico-
larly suitable interbalogen solvent for battery applica- 3 Li + BrE> - 3 LiP + 1/2 Br,
ions h-canuc of its convenient liquid range tory 8.8-C,

hpi 3AC atid relatis clv high specific conductance The present of passieating films on active metal anodes
til (1 ohm lin cot I ItI The high condosi)v ity if B rF i s cart cause cell potentials to he significant ly less titan the

atlIthotloi its selfiritication reaction thenretical expectatioins t 5. h). The discharge of the Li is a
performred at different current densities raingtop frTtti1 5

2 lFtr BlFr' + B&r4 iK = It 8t) 50 cr4/cur
2
. The discharge corie heconmes flatter is the

current density is lowe red At lose discharge Curr enit dJo-
hi eCds etuilibriti contentearions if ii iris (0) 'M ot sities. a nearly flat discharge stas piossible fir Seseral

hours. In Pigur- 1, thre relatresitip bectween dshsc
tlie aidtc tBrI-

0  
and basic [IrFat riins A da, ti- tiICo Current density and discharge capacity of the lithtiumtof the pI> ical. clienrical. and electrochentic-a I licrttcs anode is shttwcn. Thre tortal discharge 'te c eied 'IC.-

oi BrFt, BrE. ('IF3i. and C F5 was recently pit
1 

lit cd t 1. t ificanrtly as (lie discharge current den,,tist a l-
Sintilar results swill hec preventedl at laster current dcn'r1c

The retductiiin oif lie lirE; siolentt scries is file Ibeloss 5 ntA/cnt
2 

t
cathodic reaciton in is, hatters ss teni. \ rut- ts cc iri
clinical reactions have lieen proposed fir the rCiluc ten Figure 2 shows the results itl etnstant c~irreet Js-
oif BeF-, that invive rte1steIcr .... &t, tt. r lFr' Itch. 11th' and charge 1210 rni/cnt

2
i of a Li anorde si thl and is tltirut NI

nB rf5  t I-3i. 55 e propose. to itlater\ appli Iii i. that NaF. Addition sOf I NI N uP resulted in signifit trdc
tfic reduoction of ItiF- can he rep teseo: otliv in tire discharge ltle. The NaF actsa a Leit is riseoan

decreases the eq uili briumi cttC;.: rat of -2> IrF, r,.
lirli + le- l 112 Bir' + 3 F' 2]BrF>; this likely- decreases tle solshilitc of lie liP ho t,

hinders lie discharge (if Li Experimient, is ec ali' per-
This is flie cathoedic p recss fitr 'ho cell tea,ntiii prl'r-iisd formed in thle presence iof other supporting electrci> es
iii Tall I esantine tei r effect onv the discharge bhha ir af Li c

LiE. AIF;,, LiPFft.
Most bittervsten that use at is e nseta Isai

oirctg oil-1c1t deprend oin pravaitg h ,t it tl.C Thre dischbarge hehasvtot Oi litlittint Ttrn 1 iAtic
ansisl ciinsislg orf ki lilsides ori oii i in lirE, tlie ipa-. caiciunt ansides during eirnstanr current di.s hu'e -

filii still ciotsist iof fluorides, Tisi pap,,i>' t tirt in Pigure 3 thec p-asssuion sta ,,'-re i
'inI lie01C Iecrii clttiic.rJI hc'I taso f 11i1tlitr. 11l.1isiicri-11:t. calcii aird inagnesiumi in BF- ltt i ha iit Ih- \ 'I
andl tAlciri1 Jnii C iile i f ;it corsnitte irru s\A-1- th rap]il es-en at lito rs-nt denuiut' ,-I r-\ N ii

t'.ci'sss Alsit .lto.c t he llie tsi lt' it "'['AI -' I tI-u sas espitited hr\ i' fact itti tiers s' C '
11 liOe L,lirI i/c itho rtsitelt Ailcui anin, ttrnesuutii a"i

llesoise it is nut 1 1s -It I"tet' I,'a "is' '1 ! !

EXIRIMN1il. russut hug fitt" siane luss~ltg I 
t
e pus"-i s ' ,

lcs- ss it'r icr a Islils prepared 1~.0itsni IT-ii )B~
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iso is d it arcic reultur-.l is' run isis, uin hurl- t lis' 1 fori,

st -- r'
5 

it'll>a I tell "a~s' -ttpyesl s'Int' trIll nil ''lIt lhii tese ith is .. ...'ru d, I,, stI1ST .i.I'--i

Iolis !-i Fa Irt d lurci' il~rirt-e Iced-itirough v 1- I he Is l')tNk 11". aL0iihrr' I P 1st' ) F iS-e -''.
ci u'U' le I-N nioi,e 271 ,a' t-ii It '-!h pl ' AItll's- in IINI ASNI p'sIdl's.'ra tell

see"1 ot ait o 15 '1- I I litiln \',' ,PI-
1

lN ItS
AI '11 - . "s 1 t' 1 00c-d ti It Il hii in Ii~o.!,' I iH't'sM

md ipo -sil.,. i,' a i'tss-r, -1--a' Ri" I R -\ RIttur antd~ \I 11 Stilt's \il c:u't is-."

is -. \ .,.' a ,l i n..i I s,'te - ,. 'eI c. s's il Irisitut I~srt si. Ns -~ -i-

Ssttts'Ilit, r .t-I; n , 'sr 1 !.-. Tt.I.1 '11 at 4~ aZI'iksINclIfl 'stue ....It..

1111- 'it I-- -. I: -'ii 1)1 " ' " "

NI 11 P . i I \t. i. it N N!11 I 1 1 I

ona -o o"I. - -- i ",tl '



Table 1. Tliernirids rantic Chiaracteristics of Interlialogen 6T
Cells witht Several Anorde Materials at 25 C,

Inrerhalogc Pirupoced C6ll E'. col E-- D--

cll Reaction (v) WH,/Ke V lI rjcn'

Li/B rF3 3 Li I BrF3 5.26 269(1 46(0
3 LiFs ,l/2 Br,

Ca/8rF3  3 Ca + 2 BrF3 -4 5.22 2131) 4.79
3 CaF2 + Br2

2

NMgIBrF-t3 Mg + 2 BrF~j --1 4.72 2191 5.43 1-
______ 3 Mg F, + Bfr.

Oil

0 20 40 60 60 '00
1 3 Ti-e (ri-nr-ttes)

0 Fig. 3a, Constant current discharge curvec for lithtiumt

curve A) at 103 ntA/crn- itt BrF3 at 22-C.

I5 20' ;0 .10 0t
DSC'o'qe C..nrent ns, A 'rS

Fig. 1. Discharge rates \s lorg discharge capacit5 otf lithtiuntm
itt BrF3 at 220C, 0

Fig. 3h. Cornstart curet d isch arge curses tar c tic runt IA.
10.5 mtA/ct 2 t and niagntesriti C. 01 mA't. rn- t

2
ii Brl- mt

Fig 2 (instltnt ciirrcttit rnOmAtn2)t i ihsihargi' u,-i
ithiun title in IMi , Tl iNi and -uiiit (Iii I M[ NiJ at
2C
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An Ambient Temperat:-e Salvated Electron
Lithium Electrode for Secondary B atrories

Francisco A. Uribe and Anthony F. Sammells i

Eltron Research, Inc.
4260 Westbrook Prive

Aurora, 11, 60504

We wish to report recent work performed in our

lanoratory on a liquid lithium negative electrode 7

consisting of lithium dissolved in liquid ammonia,
gining a solvated electron lithu n solution which

has been operated at room temperature (12Opsi) in

secondary cells. Lithium mediation from this lithium

source to the liquid non-aqueous electrolyte in the Figure 1. Pressure cell for workirg with liquid NH
3

positive electrode compartment was via use of the at ambient temperature.

lithium intercalated electronically conducting cer- 1) Liquid NH3 inlet

amic membrane of general composition LiWOi. To be 2) To dome loaded pressure reducing

discussed here are voltammetric measurements perfor- regulator (TESCOM).

mance on respective electrodes in the cell 3) Electrical connection
4) W

2 
membrane

1'lNH
3
/LlxWO 2 /LiAsF6 (IM)'nn-aqueus s°vent/iS2 5) Ethylene propylene O-ring

6) Polyethylene disk to accommodate
using the respective non-aqueous solvents 2-methyl- 0-rings and 04

2 
membrane.

THF and liquid ammonia. The electrochemical cell 7) Positive electrode (TiS')
used for containment of the liquid ammonia solution 8) To dome loaded pressure reducing

at ambient temperature is shown schematically in regulator and Ar inlet.
Figure 1. Argon introduced under pressure into the 9) Electrical connection

positive electrode compartment was used to compensate 10) Solution inlet
for vapor pressure differences present between the 11) Stainless steel case

solvated electron ammonia solution and 2-methyl-THF,

so as to avoid rupture of the W
2 

membrane.

Cells containing 2M Li in liquid anmonia posses-
sod an open-circuit potential of 2.3V at 21'C. These

voltages were reached typically within 10 min.

starting from a W0
2 
membrane, suggesting that lithium

intercalation to give LixWO, was quite rapid. Figure

2 shows a typical discharge-charge cycle for this
cell at respective current densities of 0.5 and 0.25

mA/cmt Cell performance suggested reversible lith-
ium transport across the LiWO

2 
membrane.

The second cell

LiUM),4H 3/LiWO 2/LiAsF
6
(IM),NH

3
/TiS,

also operated at ambient temperature initially pos-
sessed an open-circuit potential of 2.01 and could

be discharged at lmA/cn
2 

and 0.3mA/cm
2 

upon charge.

This cell possesses two distinct advantages: 1) there Figure 2. Discharge and charge curve of the celi

is no requirement for separate pressure equalization 11+,ei2M.Nii ,'.
1
,,,,,..

5
i1Mi.2-MeTHP/Ti.

between electrode compartments, and 2) any unit T 21C. ) = 12iipsi. .i5- = kOiA.

activity lithium that might become deposited onto the icharg d.hnmA.

IlnWliz/catholyte Interface at higher charge current
densitles, would immediately become dissolved into

the liquid ammonia and chemically react with the TIS

resulting only in a small loss in Faradaic efficiency.

fhe present status of this approach fr achieving

long cycle life and high energy demsiry ambient tem-

pertire iIthium batteries will be discussed.
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RELIABILITY OF COMMERCIAL LITHIUM BUTTON CELLS 3.1 LiM,21_ cells : The variation of the activatiGn
resistance R as a function of the storage

dean-Paul Randin time under t0 en~ironmenta is shown in Fig. 3.
ASULAB S.A., Research Laboratories of the SMH-Group After storage at 20 C and 55 C, the activation re-

Passage Max-Meuron 6 sistance increased almost linearly with time up to
2001 NeuchStel (Switzerland) about 540 days, then increased more rapidly. The ac-

tivation resistance was about 10 1 at the beginning
1. Introduction of the storage and reached 40 and 992 after 720 days
The presence of a protective surface film on lithium at 20 and 55 C, respectively. At 40 C/93% RH, the
in organic electrolytes is generally recognized and activation resistance increased exponentiaiiy with
has been the subject of numerous investigations (1). storage time to reach I kQ after less than 300 days.
An increase of the activation resistance in commer- ThR increase in resist8 nce was much larger at
cial lithium/carbon monofluoride (CF) batteries was 40 C/93% RH than at 55 C.
reported as a function of storage time at several The weightnloss was 4 to 6 times larger at 55°C
states-of-discharge and attributed to a film forma- than at 40 C/93% RH (Fig. 41.
tion on the lithium electrode (2). The resistive discharges performed after 720 days of
The aim of the present study was to characterize the storage indicated that the self-discharge increased
passivation resistance of commercial Li/MnO and with increasing temperature. The thickness of the
Li/CF button cells under several environments in an cells after discharge were higher a ter storage in
attempt to assess the reliability of such power humid environment than at 20 and 55 C (Table 1).
sources under very low drain discharge. The lithium 3.2 Li/CF cells : The activation resistances were
button cells presently used employ a plastic crimp significantTy higher than those of t~e Li/Mn 2
seal and the main question is the long term reliabi- cells (Fig. 5). During storage at 20 C, R
lity of such cells while driving devices to the maxi- remained between 230 and 330 with a maxiAMA value
mum capacity of the power source. Under very low afer 30 days and a minimum after about 300 days. At
drain, the current is too low to break down the 40 C/93% RH the activation resistance increased
passivating layer on the lithium electrode. To fur- quite steeply at the beginning of the storage, then
ther accelerate the passivation phenomenon, the increased less rapidly and finally rose sharply
cells used in the present study were measured after after more than 300 days. At 55 C, a sharp increase
storage, i.e. without drawing any current, was again recorded for short times nollowea sy a

decrease to reach a minimum value around 180 days

2. _perental and a sharp increase for longer storage times.0
Fifty CR 2016)20 nn diameter, 1.6 nn thickness) Li/ A weight loss was measured after storage at 55 C,

Mno cells, received fresh from Sanyo Electric Trad- whtle a slight weight increase was recorded at
ing 2Co, Osaka, Japan in January 1985, and fifty BR 40 C/93% RH (Fig. 4).
2016 Li/CF cells received fresh from Matsushita Bat- The resistive discharges performed after 720 days of
tery Industrial Co, Osaka, Japan in November 1984, storage ingicated a total se3f-discharge twice as
were used. The initial capacity was 92,2 and 7S-2 high at 40 C/93% RH as at 55 C. ihe thickness of
mAn at a cut-offovoltage of 2.0V when discharging the c~lls after dischargeowas higher after 729 days
into 30 kf at 20 C with a mean voltage of 2.9 and at 40 C/

93
A RH than at 55 C, and higher at 55 C

2.8V, respectively, than at 20 C (Table 1).
Two cells of each type were stored under each of the
following congitions defined in international stand- 5. Conclusions
ards- a) 20±2 C, 60*15% relative humidity (RH), b) The results of the present study show that the perme-
40±2 

0
C, 93+2-3% RH and c) 55±2 Cousing a constant ations of the solvent from the electrolyte towards

temperature cabinet held in a 20 C/60% RH room. the outside and of water towards the inside of the
The internal resistance of the cells was then meas- cell simultaneously occur to different extents de-
ured at regular time intervals. After 720 days of pending on the temperature and humidity of the envi-
storage, the resistive discharges were performed to ronmnent and on the type of cell. The plastic c-imp
determine the self-discharge. seal of the Li/MnO cell exhibits a high permeation
The ac impedance was determined at the open circuit for the solvent anA a low permeation for water where-
potential using a Frequency Response Analyzer, Solar- as the opposite is observed for the Li/CF cell. The
tron Type 1174 and an electrochemical interface So- main contribution to the increase of the activation
lartron Type 1186 controlled with a Hewlett Packard resistance is the water permeation.
9825 A calculator. The alternating voltage was 2.5 The consequences of water permeation on the useful
my rms. lifetime of lithium cells have also been investi-
In addition to the impedance measurements, five gated as a function of the state-of-discharge.
ungischarged cells of each type were stored at The expected lifetime of the Li/MnO and Li/CF but-

40 C/93% RH and 55 C and regularly weighed. ton cells has been estimated for th; applicaticn in
a wrist-watch. The approximate lifetime under humid

3. Results environments is well below the expected value of H
Theimpedance data are reported in Fig. I and 2 for years claimed by the manufacturer (3).

the Li/MnO and LI/CF cells, respectively. The as- For applications where the estimated lifetime is
received Li/CF cells showed a fairly well defined longer than 3-5 years, it would be advisable to use
semi-circle at high frequencies (Fig. 2). As the hermetically sealed cells, i.e. with glass-to-metal
storage time increased, the diameter of the high or ceramic-to-metal feedthroughs. Unfortunately such
frequency semi-circle, R increased and the cells are not yet commercially available at the di-
center of the semi-circlotJ;eed below the real axis. mansions of interest for low power consumption
The Impedance locus for the Li/MnO cells showed a devices.
depressed semi-circle (rig. 1). Thn activation resis-
tance has been taken as the intersect of the high- 6. Acknowledgments
frequency semi-circle with the real axis, Irrespec- The author is pleased to thank F. Zullig for his
tive of the position of its center. skillfdl assistance in the experimental work.

R. Jeanmonod for discharge measurements and F'A
Inc., [,renchen, member of the SMH Group, for
interest and support.
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Table I : Self-discharge, final thickness after the
discharge following 720 days of storage in the undis-
charged state, as well as final activation resist- 0 --- 0
ance after 720 days of storage 0 180 360 540 720

time fdays/

Storage Self-discharge Thickness Ract )

(%Cnom ) (mm) Fig. 3 Dependence of R on storage tim2 for

thS undischarged Li/M802 a Ell stored at 20 C (x),
201 1.62 40 40 C/93%RH (o) and 55 C (9)

Li/MnO 40 C/93%RH 17 1.72 30002 55
0
C 21 1.61 90

200C 1 1.48 280
Li/CF 40UC/93%RH 23 1.82 6000

550C 12 1.64 4500

0

500 1000 1500 2000 1000 -oAo

20 -10I "

0 20 40 60 -20

Re (Q 0 180 360 540 720

time te,/s)

Fig. 1 Complex plane impedance data for the undis-
charged Li/MnO cell at the open circuit potential:freshly receivid from theomanufacturer I-);" after Fig. 4 :C~ange in weight as a function o storage
360 days of ftorage at 20C (-fct 40 C/93 trH time at 40 C/93% RH (open symbols) and 55 C (solid

(---I and 55 C T...) The decades of frequeny are symbols for the undischarged ll /MnO2 (triangles)show asfolows I0' o, I el,]0 ,'.)I0 iI)and Li/CF (circles) cells.
sh~wn as foAlows 10 0o( 1 (.( 10 (,'. ( 10 (A
10 (0), 10 (m) and 10 (x) Hz.

3000 .,
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/

2000 "0 /

200 - 1000

1000' - /

0 400 80•
Re i 0 - ----------
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Fig. 2 : Same as Fig. I for the LI/CFocell. The res-

onse after 360 days of storage at 20 C is rosghly
the ime as that in the fresh state Fig. 5 : Same as Fig. 3 for the i/CF cell
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LITHIUM DIFFUSION IN SILVER VANADIUM OXIDE had stabilized. A stable voltage was defined as less than
5mV change per day. The voltage during this stabilization

Esther S. Takeuchi and William C. Thiebolt Ill period was monitored and is shown versus time in Figure 3.
After 667mAh of discharge (12% DOD) the cell required 11

Wilson Greatbatch, Ltd. days to stabilize and recovered a total of 0.790V. After
10,000 Wehrle Drive 1.33Ah (24% DOD) of discharge the cell recovered 0.845V

Clarence. NY 14031, USA and needed 14 days to stabilize. After 2.OAh (36% DOD) the
cell took 6 days to stabilize and recovered 560 mV. What

INTRODUCTION can be seen from this data is that the cells do not recover at
Lithium/silver vanadium oxide(SVO) batteries were the same rate or the same magnitude at all depths of
developed in 1979 (1). Since that time they have been discharge.
developed for use in implantable cardiac defibrillators and
other medical devices (2-5). Several characteristics make In order to explore the voltage recovery further, an
the chemical system particularly useful for medical investigation of the lithium diffusion rate in SVO was initiated.
applications. The self-discharge of the system is less than Test cells with single parallel plates were used for this
2% per year allowing for long shelf-life and long life under portion of the experiment. Cells were discharged under
low drain rate (6). The Li/SVO system displays a voltage constant loads for 16 hours under a variety of rates. After the
profile whose voltage decreases with depth of discharge, load was removed, the cells were allowed to stabilize at
allowing the state of charge to be determined by open circuit voltage for 3 weeks. A single pulse was then
interrogation of cell voltage, applied and the voltage recovery was montored. From this

the rate of lithium diffusion was determined (7). The cells
The ability to determine a cell's state of charge and predict were discharged at rates that required from four to ten 16
when replacement will become necessary is important in a hour discharge periods. Thus, lithium diffusion rates at
medical device. In order to use the background voltage of a multiple depths of discharge were obtained in SVO
cell for this type of prediction, the voltage recovery after high discharged at a variety of rates.
current pulse discharge must be known. The voltage
recovery in completed cells was characterized and this led to Voltammetry was, also, used to determine lithium diffusion
the more fundamental investigation of the rate of lithium rates. Voltammograms of thin SVO electrodes were
diffusion in SVO which is reported here. Two techniques conducted at scan rates ranging from 0.02 mVrs to 1 mV s A
were used: the voltage recovery after single constant current typical voltammogram is shown in Figure 4, where the scan
pulses in test cell- and voltammetry of thin layer SVO rate was 0.08 mV!s. The multiple waves present in SVO
electrodes conducted at different scan rates, discharge can be seen. The percent utilization of SVO at

each scan rate was determined. These values were then
EXPERIMENTAL used to determine lithium diffusion rates (8).
The completed cells used for the study had multiplate
construction where alternating layers of SVO cathodes and CONCLUSIONS
Li anodes were assembled in prismatic configuration. The The rate and magnitude of voltage recovery of L SVO
electrodes were separated by commercially available batteries after high rates of discharge is rot constant at al
polypropylene membranes The capacity of the cells was depths of discharge. Thus. an investigation of the diffusion
5.5Ah. rates of lithium in SVO at multiple depths of discharge was

conducted. Pulse methods were used to determine the
Test cells for the single cathode pulse experiments consisted diffusion rate at multiple depths of discharge of SVO
of parallel lithium and SVO plates held apart with a spacer. discharged at different rates. In addition. voltammetry
No separator material was used. Lithium was used as a conducted at various rates was used as an a'ernate
reference electrode determination method of the lithium diffusior"....

Electrodes for the voltammetry experiments were prepared REFERENCES
by placing a thin layer of an aqueous suspension of graphite.
SVO and polyacrylic acid on an inert metal disk The water 1. C C. Liang, M. E. Bolster and R. M Murphy, U S
was evaporated to leave a very thin SVO elect'ode. The disk Patents 4.391,729 and 4.310.609
was mounted so that only the surface containing the SVO 2. C Holmes, P Keister and E. S Takeuchi Proo
was exposed to the elemtrolyte. Th. volipmmetry wes, i, , ;es and Solar Cells, vo! 6 (1987) 64-66
conducted in IM LiAsF6 in a 50/50 by volume mixture of
propylene carbonate/dimethoxy ethane using an EG&G PAR 3. P. Keister. E. S Takeuchi and C. F. Holmes.
potentiostat in combination with an Apple lie computer. Cardiostim 86, Monte Carlo. Monaco. June 1986.
Lithium was used for reference and auxiliary electrodes. 4. E. S Takeuchi. B C Muffoletto, J M. Greenwood ane
RESULTS AND DISCUSSION C F. Holmes. VIlIth World Symp on Cardiac Pacing a,,"j

A high rate pulse testing scheme used for discharge of the Electrophysiologv, Jerusalem. Israel. June 1986
multiplate cells consisted of four 2.OA pulses every 30 5. E. S. Takeuchi. Proc of the 3rd Annual Battery Conf of
minutes where each pulse lasted 10 seconds and was Appl and Advances, Jan 1988, section VI 3
followed by 15 seconds of rest A typical pulse discharge 6. G M. Bergman. S J Ebel. E S. Takeuchi. and P
curve of a cell with a 5 5Ah capacity is shown in Figure 1, Keister, J Power Sources, 20. (1987) 179-185
where the background, minimum first pulse and minimum 7 S Basu and W L Worrell. Fast Ion Transopro in
fourth pulse voltages are shown. If a cell is partially
discharged under pulse and the test is interrupted, the S P Vashshla J N MundyandG K Senoy.
background voltage of the cell continues to recover for eds Elsevier North Holland, New York, 1979,
several days Fiure 2 shows a pulse test where the cell was pgs 149-152
pursed every 30 minutes for 30 pulse trains and then allowed 8 K West, T Jacobsen, B Zachau-Cnstanse, andS
lo -tand at open ci'cut voltage unl the voltage of the cell Aling, Eiectrochimica Acta 28 (1963, 97.1 n7
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Fig. 1. Pulse discharge curve of multiplate cell Fig. 2. Intermittent pulse discharge/rest of
showing QCV (heavy line), first pulse voltagc multiplate tell showing OCV, first pulse voltage
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Fig. 3. Voltage recovery during rest period. Fig. 4. Voltanniogram of SVO vs. lithium at a
scam rate of 0.08 mV/S.
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Impedance Studies of Alkali-Metal Electrodes REFERENCES
in Non-aqueous Electrolytes 1. A.N. Bey, Thin Solid Films, 43 131 (1977).

2. V.R. Koch and J.H. Young, J. Electrochem.
T.R. Jow and L.W. Shacklette Soc., 125 1371 (1978).

3. V.R. Koch and J.H. Young, Science, 204 499
Allied-Signal. in, (1979).
Cotpuate Technology 4. S.-I. Tobisnima and A. Yamaji, Electrochimica

Morristown, N.J. 07960 Acta, 28 1067 (1983).
5. S.-I. Tobishima and T. Okata, Electrochimi

The behavior of the lithium electrode in Acta, 30 1715 (1985).
non-aqueous electrolyte is complicated. This is 6. R.V. Mashtev and B. Puresheva, J. Electroanal.
owing to the highly reactive nature of lithium Chem., 180 609 (1984).
metal in a non-aqueous electrolyte. It is 7. H. Yamin And E Peled, in "Lithium
generally agreed that a passivation layer is Batteries", A.N. Dey, Editor, P. 40. The
formed on the surface of the lithium electrode Electrochemical Society Softbound Proceedings
uon exposure to the electrolyte(l). This Series, PV 84-1, Pennington, N.J. (1984).
passivation layer is essential for the success of 8. J.G. Thevenin, J. Power Sources, 14 45 (1985).
primary lithium batteries. However, this 9. J.G. Thevenin and R.H. Muller, J. Electrochem.
passivation layer plays a more complicated role in Soc., 134 273 (1987).
the development of rechargeable lithium 10. Y. Matsuda and M. Morita, in "Primary and
batteries(2). Seconday Ambient Temperature Lithium

Studies directly related to the lithium elec- Batteries", J.P. Gabano, Z. Tak,hara, and P.
trode in non-aqueous electrolytes include lithium Bro, Editors, p. 602. The Electrochemical
cycling efficiency experiments(2-S), impedance Society Softbound Proceedings Series, PV 88-6,
spectroscopy (IS) technique (6-10), static polar- Pennington, N.J. (1988).
ization (11-12), and pote pjystatic and galvano- 11. S.G. Meibuhr, J. Electrochem. Soc., 132 2050
static pulse techniques. si Electrode IS is (1985).
more convenient than other methods for separating 12. R.F. Scarr. J. Electrochem. Soc.. 117 295
the different processes in electrode kinetics. (1970).
The electrolyte system that has been studied most 13. Y. Geronov, F. Schwager, and R.H. Muller, J.
extensively using the IS technique is lithium Electrochem Soc., 129 1422 (1982).
perchlorate (LiClO ) in propylene carbonate
(PC)(9). The othe$ systems studied are LiClO 4 in
tetrahydrofuran (THF)(7), LiClO4 in propylene
carbonate/dimethoxyethane (OME), and lithium
hexafluorophosphate (LiPF 6 ) in dimethyl sulfoxide
(DMSO) (10), etc,

The cells that were used for the impedance
measurement generally employed the half-cell
configuration (6-10). Measurements were typically
made at rest potential with respect to Li
reference electrode. This means that the counter
electrode is also lithium metal. The impedance
diagram in the complex plan (Nyguist plot) of
lithium in a non-aqueous electrolyte generally
shows a semicircle which represents the
combination of the charge transfer resistance R,
and the double-layer capacitance C

The R value which corresponid to the
length of ihe chord of the semicircle generally
increased with storage time.(6-I0) The R
value(9) was directly related to the filmct

thickness. The impedance of Li in the electrolyte
is a sensitive function of the solvent/solute
combination and the initial condition of the Li
surface. Therefore the rate of increase is also
different for different electrolytes. In an
electrolyte of lithium hexafluoroarsenate (LiAsF
in 2-methyltetrahydrofuran (2-MTHF), we found that
the R value measured in a half-cell
confi6uration increased at a faster rate than the

R t value measured at full cell configuration
( used as the counter electrode). 1his
su gAsts that the Li surface is less reactive in
the full-celi configuration.

This paper will present impedance data for
alkali metals in various electrolytes both ii
half-cell and full-cell configurations. Their
relationship to the cycling efficiency of the

alkali-metal in full and half cells will also be
di cussed.
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Thin Film Positive Electrodes for Lithium-Iron
Sulfide Batteries Produced by Atmospheric

Pressure Chemical Vapor Deposition

A. Petric, S. Crouch-Baker, R.M. Emerson, T.M. Gur
and R.A. Huggins

Department of Materials Science and Engineering
Stanford University

Stanford, California 94305

Thin films of FeSx (1 < x < 2) have been produced by
atmospheric pressure chemical vapor deposition (CVD).
Their performance in a Li/FeS5 battery has been
investigated at ambient temperature with a cell of the
following configuration:

(-) Li I LiAsF6 in PC I FeS x (+)

The CVD apparatus consisted of an open tunnel
furnace and an injector head with three concentric ports.
The two reactive gases, H2S and Fe(CO)5 , and a nitrogen
separator gas were directed onto Mo or Al foil substrates
which passed under the injector head on a moving
conveyor belt. The temperature was varied from ambient
to 400 C. Nit-ogen curtains were used to exclude air from
the reaction zone. The composition of the films could be
varied between FeS and FeS 2 by adjusting the flow ratio
of the reactive gases. The deposition rate was found to
vary linearly with both time and reactive gas flow rate.

Electrochemical tests were carried out at room
temperature to determine both dynamic and open circuit
voltages with respect to pure Li. Voltage plateaus (1.4 to
1.6 V) were found at current densities up to 0.1 mA/cm 2 .
Although previous work at room temperature has shown
good recharge characteristics for bulk FeS 2 electrodes (1),
we found high impedances after partially recharging our
cells from the Li2 FeS 2 composition.

The thermodynamics of the cell reaction can be
explained in terms of the ternary Li-Fe-S diagram. Some
of the pertinent equilibrium , otentials have been
established at room temperature and are compared with
previous work (2). The results of work with this thin film
FeS x cathode will be compared with those of other

positive rectrode materials.
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DISCHARGE BEHAVIOR AND THERMAL STABILITY discharge performance was determined. XPS studies

OF SYNTHETIC FeS2 CATHODE MATERIAL were conducted to analyze the surface oxidation
products on synthetic and natural pyrite materials.

Steven Dallek and Benjamin F. Larrick EXPERIMENTAL
Electrochemistry Branch

Synthetic FeS 2 was prepared by a proprietary
Bruc C. Beard process (Castle Technology Corporation) by direct

Materials Evaluation Branch reaction between hydrogen-reduced electrolytic iron
and a sulfidizinq medium at elevated temperatures

Naval Surface Warfare Center according to the reaction:
10901 New Hampshire Avenue

Silver Spring, MD 20903-5000
Fe + (l+x)S 2 ---------- - > FeSI+x  (I)

and 2

J. Paul Pesler, John K. Litchfield FeSI+ x + (1-x)S2  --------- > FeS2  (21

and Raymond K. F. Lam 2
Castle Technology Corporation

262 West Cummings Park After hydrogen treatment, the iron was kept under
Ioburn, MA 01801 inert gas and transferred to an inert atmosphere glove

box with a water vapor content of 10 ppm. The,
sulfidation reactor was loaded with the reactants :n

INTROOLtTION the glove box and was returned to the glove box for
removal of the product. The product was package,'

Thermal batteries based on the Li(alloy)/FeS 2  within the glove box so that the svnthetic FeS2 was
electrochemical system have been developed in recent not exposed to air before sampling for analysis or
years and successfully employed in numerous weapons fabricating into cathodes.
systems. The FeS2 cathode material is obtained as
beneficiated ore from naturally occurring pyrite The composition of the product was determined by
deposits or as a by-product flotaticon concentrate from TG using a DuPont 9900 or 1090 thermal analyzer
processing base or noble metal ores. interfaced to a 951 TGA module. Samples -r? rn :n

platinum boats from 298 K to 1023 K in a neluTa
It is highly unusual to find a naturally atmosphere. The thermal stability of the material w3S

occurring ubstance used directly as a principal determined by a multiple-heating-rate TC meto-d
ingredient in a chemical system requiring components previously reported (2) for FeS2 decomnosltio
with extrcnely uniform properties. Nevertheless, this kinetics studies. XPS surface chemistry stud:es wer'-
material has performed well in a wide variety of new performed on the new synthetic FeS, and on naturally
lithium-alloy thermal batteries. occurring 1ES2 materials with a Kratos ES-300

Photoelectron Spectrometer. Single-cell and attery
However, the availability and quality of pyrite discharge studies were performed, ac2ordiln to

have caused persistent problems for thermal battery standard procedures, by the four U.S. thermal batter,
manufacturers. In recent years, it has been very manufacturers, Catalyst Research Division of Min,,

difficult to obtain the material from domestic Safety Appliances Company, Eagle-Picher lniyusris,
sources. In addition, the quality of the pyrite has Inc., Power Conversion Inc., and SAFT Anerica, Inc.
varied dramatically among sources and even between
lots from the same source. It is axiomatic that the RESULTS AND DISCUSSION
reproducibility of the cathode behavior would be
improved by using pyrite of highly uniform physical In general, cells with the synthetic FeS 2 na d
and chemical properties. higher operating voltages, lower resistance, and were

able to sustain higher current densities than cells

A new thermal battery cathode material, synthetic with the natural pyrite material. This enhanced
FeS 2 , has been developed as an alternative to performance correlates directly with the fine partlicle

naturally occurring pyrite material. Thus, a domestic size of the synthetic FeS2 as compared with the much
source of FeS2 cathode material is now available that coarser natural material. Lower discharge capacity y!
is not subject to periodic interruption by national the synthetic FeS 2 cells observed at low current
events such as strikes and mine closings. In densities is also consistent with the higher thermal
addition, the availability of pure synthetic pyrite decomposition rate expeced for this finely dlvidol
with highly uniform physical and chemical properties material. The higher thermal decomposition rat,'
presents significant advantages in the reliability and predicted by TG kinetics measurements for th,
cost of thermal batteries. synthetic FeS 2 correlltes well with the lower me suroo

cell capacity. Larger particle size synth iic FS

The composition, thermal stability, surface can be produced ant should mitigate eff-ts of rpi-.

chemistry, and electrociemic.l discharge behavior of thermal decomposition.
the new synthetic material were evaluated by
thermogravimetry (TG), x-ray photoelectron 74S curves and XPS spectra of synthetic FeS, to)a
spectroscopy (XPS), an(] single-cell and battery had been prepared and stored in an in,,rt atmosphere"
discharge studies. The TG analysis method for FeS2  showed, respoively, the material's high bulk f-iit t
materials has great utility for monitoring the extent and lhe absence of surface oxidition proui-ts. Th,
of sulfidation and the final product composition. S04 concentration on the surfac of synth.,ti F..S'
Additionally, a multiple-heating-rate 'IC methd (1) exposed to hmid Onvitorrnf'nts, Is determnml by W!.1

has been us._ d to determine the decomposition rate of and 'TG, increased as a function of the oxposore t ime.
FeS 2 cathode materials at thermal battery operatin The high chemical ractivity of the synthetlic FeS
tmcniratres (2). The effect of the particle size of also resulted in th.e totm tion o l rfare asitair
synthetic' FeS2 mat.rilal on '

i
a thormal stability and



products during fabrication of single cells and
batteries under dry room conditions.

It was recently reported (3) that the use of fine
particle size FeS2 produced significant improvements
in cell performance, i.e., reduction in impedance and
increases in specific energy and power. Thus,
synthetic FeS2 may find great utility in increasing
the performance capabilities of Li/FeS 2 thermal
batteries while also providing a solution to many of
the problems associated with the variable quality and
availability of the pr-sently used FeS 2 materials.
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POLYMER ELECTRODES FOR BATTERY APPLICATIONS Another opportunity for the use of conductive
M. Maxfield, Polymers lies with their catalytic properties. In

LW. Shacklette, T.R. Jow, M.work carried out at the U.S. Naval Research Lab.,
and R.S. Hatami conducting polymers, for instance, show promise for

Allied-Signal, Inc. use as a substrate for the reduction of thionyl
CorporatgTechnology chloride in lithium primary cells. More recently,
Corporate N.J.nology work at the U.S. Army, LABCOM, at Ft. Monmouth, N.J.
Morristown, N.J. 07960 has shown that conductive polymers can catalyze the

A variety of conducting polymers have been reduction ofSO and the reoxidatio/ of the

investigated with regard to their possible applica- discharge produ ts in secondary Li/SO2 cells (12).

tion in batteries. Among the most widely studied
polymers are polyacetylene (PA) (1,2,3,), poly(p- TABLEI-CAPACITIES Of LmERS THAT NOERGO REVERSIBLE OXiOA'M
phenylene) (PPP) (3,4), polypyrrole (PPy) (5,6), and

polyaniline (PAn) (7,8). A conducting polymer can ROLYACEIYLENE ROGYPYRROLE POLYAN:LINE
be either partially oxidized or reduced electro-
chemically to form either p-type or n-type conduc- ( IC4T

5
NIx  N

tors generally suited for use in cathodes or anodes MX REPORTED W. OF 0.09 S.33 0 5
respectively. The electrochemical oxidation or CHARGES PER REPEAT UNIT
reduction process results in the formation of a MID-DISCHRGE VOLTAGE 3.5 3.3 3 4 I9

highly conductive complex between the reduced or (. LiLII
oxidized polymer and the appropriate counterion from GaVIMETRIC CAPACIT9RAh/9) 0.12 0095 0:0 C 3
the electrolyte. Most of the world wide effort VOCUMETRIC CAPACITybAh/c"

)  
C. 14 012 0 13 6

toward developing a polymer battery has been direct-

ed toward the use of anion-inserted (p-type) poly- IIEludmq th. P.ght of BF4- fn tHoSt. po ,

mers as the cathode (positive electrode). For 06asedo A th. ,,gEI jt,
.(ample, Bridgestone and Seiko in Japan have recent-

ly announced the commercialization of a button cell
based on a cathode composed of anion-inserted poly-
aniline and an anode composed of Li/Al alloy (9).
This cathode-limited cell appears to have the virtue
of very high cycle life (presumably aided by the use REFERENCES
of an appreciable excess of Li/Al alloy). The cell,
however, does not offer high energy density (values 1. K. Kaneto, M. Maxfield, D.P. Nairns, and A.G.
calculited from quoted data are 4.4 mWh/g and 1.5 MacDiarnid, J. Chem. Soc., Faraday Trans 1 78
mWh/cm ). The cell is directed at markets which 3411 (1982). h

require long life and reliability over energy stor- 2. R.B. Kaner and A.G. MacDiarmid, J. Chem. Soc.,
age capacity. A comparison of fundamental proper- Faraday Trans. 1, 80, 2019 (1984).
ties of competing cathode materials is given in 3. L.W. Shacklette, J.E. Toth, N.S. Murthy, and
Table I which compares the observeo capacity of R.H. Baughman. J. Electrochem. Soc., 132, 1529
several oxidized polymers inserted by BF4  anions (1985).

with that of an inorganic lithium-cation inserting 4. L.W. Shacklette, R.L. Elsenbaumer, R.R. Chance,
cathode material Li MoS which is employed in a
cell being marketed 6y Mgli Energy, Ltd. The J.M. Sawa, D.M. :vory, G.G. Miller, and R.H.

mid-discharge voltages listed are the approximate Baughman, J. Chem. Soc., Chem. Commun., 361
ope-icuitg voltages aste art whee alrofate (1982).
open-circuit voltages at a point where half of the 5. G.B. Street, "Polypyrrole: From Powders to
discharge capacity has been used. The capacities Plastics", in "Handbook of Conducting Polymers
listed for the polymers include the weight of the Vol. 1" ed. by T.A. Skotheim (Marcel Dekker,
inserted anion (BF ) since this anion is a neces- New York and Basel, 1986).
sary constituent of the charged cell and must be 6. K. Kaneto and K. Yoshino, Kino Zairyo (Japan)
considerpd in making comparisons with other 4, 8 (1984).
materials. On a gravimetric basis the polymers 7. E.M. Genies, A.A. Syed, C. Tsintavis, Mol. Cryst.
compare very favorably with Li MoS2, especially Liq. Cryst. 12., 81 (1905).
considering their higher operaing voltage; however, 8. A.G. MacDiarmid, S-L. Mu, N.L.D. Somasiri, and W.
on a volumetric basis, Li MoS and other inorganic Wu, ibid., p. 187.
insertion compounds possel a istinct advantage. 9. JEC Battery Newsletter No. 2, Mar.-April, 1988.
The major advantage of conducting polymers appears 10. T.R. Jow, L.W. Shacklette, M. Maxfield, and D.
to lie with their polymer-like mechanical properties Vernick. J. Electrochem. Soc. 114. 1730 (1987).
which provide the capability of high cycle life. I1. M. Maxfield, T.R. Jow, S. Gould, M.G. Sewrhok.

In order to take advantage of the fundamental and L.W. Shacklette, J. Electrochem. Soc. LL5,
properties of conducting polymers while still main- 299 (1988).
taining high cycle life we have developed composite 12. R.J. Mammone and M. Binder, J. Electrochem.
negative electrodes (10.11) which utilize conductive Soc., in press.
polymers as a binder for alkali-metal alloys. These
electrodes combine high volumetric capacity with
high cycle life. Cells based on the couples Na/Pb
vs. Na CoO2 and Li/Pb vs Li V 0 have been con-
struct d. Such cells packa~eh 1A AF-size welded
steel cans have to date demonstrated energy densi-
ties 12 the range 60 to 75 mWh/g and 150 to 175
mWh/cm with values up to 100 mWh/g and 250 mWh/cm3
possible in the near future.
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ELECTROCHEMICAL AND STABILITY STUDIES
OF A NEW FORM OF POLYACETYLENE, [N-(CH)x]

R , G C. Farrington*, J. Foreman*,
K. Wu* and N. Theophilou

+

*Department of Materials Science and Engineering
and

'Department of Chemistry
University of Pennsylvania

Philadelphia, PA 19104

Introductu n

Several years ago, polyacetylene [(CH)×] was widely
investigated as a possible olectrode material for non-
aqueous batteries. The form of polyacetylene studied at
that time was synthesized by the so-called, Shirakawa
technique. Shirakawa polyacetylene [S-(CH)x] stimulated
considerable interest in this simplest of conjugated
polymers [1]. Regrettably, its instability and modest energy
density limited its potential applications.

Recently, new research by Naarmann and
Theophilou [2,3] has produced an ultra-pure form of
polyacetylene, so-called N-(CH),, which has a far lower
concentration of chemical defects than S-(CH). Another
distinctive feature of N-(CHIx is its regular crystalline
structure. Doped forms of N-(CH)x have exceptionally high
electrical conductivities, on the order of 105 (ohm-cm)

-1 [4].
It is possible that the high purity and more regular

structure of N-(CH) may enhance its electrochemical and
chemical stabilty and make it possible to achieve higher
levels of oxidation and ieduction than have been attained
with S-(CH)x. This paper presents one of the first studies of
the the electrochemical oxidation and reduction reactions of
N-(CH)x as well as insight into Ine general chemical and
electrochemical stability of this new material. Particular
attention is focused on the question of whether N-(CH)
may be more useful for battery applications than was S-
(CH)..
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cOuple hti been tite snbiect of iruntsi re. ea rch bt hi artOns

grouips 12-hi.Eromni secontdatrs btttry appliaitiott. the key
areas of interest for tite cathtode is defined bs litteb electronic

Cotiditiiits. htgh reverstbility. Itteit diftLlii iv leadirle to

igh pows~er densittes) i de tornpositit rtttge I atlots in
htgh cell capacities) aind ttittttttl strutual change with
coimpoisition. nd in this re sp~c t lithitum sattisfies tiost oif tite

c ritei. T1he theore.tical eners denisity. of tlte Li,'Vr()t

couple is 8t9t 'Wh/kg. %shtclt is (tinsiderabts greater isitett

comopared 'o some oif the tither :atew I titti cithiies such as

I" iS ' 1 his value together wtith the re laive ease uOf
mtanutfacture of V801 3 otAke t1 J iii hI.. prutsingi cathode
tiaterial in rechargeable lithill tut hti i. H owever. the

safety and cycle life of ambiettt te mperatutre seconldary
I iitnr batteries. usually associtated %s tth lie higit reactisite

oif eleenutal li thiutm anode, poises it seritots problemt. This
itav be overcomie. hitwever. bs' findi ne at terttattt anodecs

which nias be tmore stable and htse ri.asottahle ettergy
denisities.

Sit fir there is no re.port in tie Oipen literature ttn

intercalation Studies pertaining to catioins tither than litiutmt.

It Wsould he itights desirable if V 6Ot 3 tiats reversible i0 tither

catoins ftitn t batitery techriiogoy viewpoint.

Previotus etmphasis has been placed tin stidv Ine

pitl crvstallIinc V 5 0O 1. In oirder iii establ sit futndamtet~l

proiperties. single crystals iced toi be instigated.

In tis labtirattirs tile prtoce ss fotr grtiwi I; large

singele crystaits hais notw bee n vellI established. The first ptan

tif the inivestigatioin wits it) retiroditce the work atreatly

perfotrmied for Li* insertioin itot the sintgte crystal iateritI

ibis Was Coampleted MIsttcesttlls h Luti Intg cell nMatde ('!-,I

Iithitim anode, a V601 A single crystal as cathode anid l1t1001(

disstl ted in protpylene carbotnate W Ci as the electnitlvie.

Ihermotdtynamtic I1MF j~ comositioin cutrves titiited byv

titrating lithittit ins itt the ciltodc were contsistnt svitii

literature values.

Trhe wtork has now heen extendedl to incttide anodes

such as Zn. Cot. Mg, Na and Ca. rTe initial results indicate

that Zn and Cit may he insertetd and remottvetd reversibly froti
the V(yOt1 cathode.
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The lofluence of Additives oit the
Cyct cabi his of thw IJ Anode

L. A. Itomnee, T. I.- Goldman and V. Rt. Koch

Coval~ent Associates, Inc.
52 Dragon Coort

Wobun, MA 0180]

The esiremne react isitY Of the Li anode with

organic elect raltes has prompt ed a search is recent

years for chemical aditi-os which can he added in

r'lt i or -tocefn
t 
Wrotin to ther bath' electreiyte'

These alidttoes are thougttt to enhance the ere

hi~lyt if the Li electrode hy a variety of mcaim

including:

*film format ion on Li

*free radical scavengir-g

*neatrliat Lo iiof acd cathode impurities

*depolai it ton of electrodie P-io-1-8

* dsottit ion of anriactior spe, cvs hetween Iti
aedl electrolyte

While several patents are held on saubstanes

whichb are thoughit to act cI 1 acti of these nehanisns,

it is not ,liar in whoit l trotovte vystems they not

lie nrst effect -y employedf i, I fact, if the F:,?

pirsr'r neitir-;ns rre -orrect.

Mari, 'if those cot tiatctl additt- li

tori stIti'ed in o eioetii'i r'lei trolytes, h' fir the

most pat t give L' cNi Icttil its itifetior to tha'

,titaiinatrle L, -tier el-' rittyte-s. We harve, tt i

tested thenm in ether svsfims to expand oarutif

0tanrin g o f t heir it' luaub tonai hi rarb twit

We used a ilotnr hiolf ell test vehicle design

which fc-uses ''jii jteracdions with the Li oniot.

Since hailf -el1 y, ling tests eliminat-e (rlcntl'-Oiii

arising frim the cathode cliemistrY, thor ar- icnt5

.sf-ir fur, rddressict isac iiioiorg elect ociyte

arid arc~oe total' i-oH falre ar' atIls. Fotratoilatlto

-1 toll -I! yr-Iinv, oa -prtati'ci- ricexcpt in the

sellse, Oia a major tosittee effec ti , r; hal f 'ItI

mer itIs fall ,e cell 'orlt iocn. cer taz'in veI-ted! iti

y es werie t here fore ilIsir evaluiat ed in Li TiS. full

otto ontaining 'IDE or
2

L yieTH'fiAsF' etfroytes.

The half clswere all of identic-al design,

-'itaining 10 ml of tOFM HjAsP. 'THE electrolyte with

various Additives. An initial plate of fi 2 coulombs

, 1C 'citw was tilatrod from a 10 (m2 strip of Ill mil

Li anti stainless steel separted- by Celgord 2400 anti

held undir mild imapression. Initial deposits at both

1.25 mA/c,-' and -5 m/tm
2 

were studied. Subsequentl Iy,

stript'inti and plating of t.S"i Ccitt' at ./I Otis per

for-med antilI polairrearion to I.5V oi-crreit during a

stripping ,-v, to. FiltI cel Ii-ycling was carrired out iii

our standard 260 mAhr Ti; cell with Li/Yr
5
.- ratio (iE

3. 8 to I anrt c, It'ld at 40% DODt.

5it
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METAL HALIDE REDUCIBLE CATHODE
STUDIES IN RECHARGEABLE LITHIUM CELLS

0. Reisner and M.Eisenberg

Electrochimica Corporation .
20 Kelly Court '1

Menlo Park, CA 94025

Studies of metal halide, e.g., CuCI 2 cathodes A
in inorganic S02-based electrolytes were carried
out in comparison to high surface carbon cathodes
in rechargeable lithium cells. A CuC2 cathode
can provide higher volumetric energy densities
compared to high surface area carbon black (e.g.,
Ketjenblack) cathodes, e.g., 0.25-0.30 AH/cc of
cathode volume.

Preliminary cycling tests on CuCI2-Li were
conducted to an 8d-90 depth of discharge at a 3
hour rate to a 2.0 V cutoff. Fig. I illustrates
Cycle #4 (at a discharge current density of 1.35 3
mA/cm

2
-and Cycles #67 and #103 at a discharge -

current density of 205 mA/cmT. On the basis of a
2-electron discharge and the weight of active
cathode materials, (0.400 AH/g of CuC12) the cell
had a theoretical capacity of 112 mAH. As can be
seen, the initial cycle at a liwir current density
resulted in an 89' capacity utilization and the .':t]. :
other two cycles yielded W64' and 50^ respectively
of the theoretical faradaic capacity, at the some- U:

what higher current density. :A

The cupric chloride-Li cells also showed a
remarkable high current density capabil ity as
shown in Fig. 2. The cell has an open circuit mdc
voltage of 3.5T V and was scanned to 103 mA/cm

2 
at . I

which point the cell voltage dropped t2.2 V. At
this point, it yielded a remarkably high power
density of 227 milli watts/cm

2
. Even at 20 mA/cm

2

the cell voltage was still 3.2 V. It shouTd be
pointed out that this test was not carried out on
a virgin cell but prior to the discharge in Cycle
#5. Throughout the test range, the cell voltage-
current density curve remains essentially linear.

'10
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Rechargeable Lithium Battery loss of lithium capacity due to corrosion and/or

Systems: an Overview Isolation, additional negative capacity must be
provided to ensure desired cycle life performance. A

Frank B. Tudron mathematical model of constant current time limited
cycling permits elucidation of the relationship among

Eveready Battery Company electrode balance, depth of discharge, electrode
Westlake Technology Laboratory cycling efficiency and cycle life.

Box 45035
hestlake, Ohio 44145

INTRODUCTION N = R - D
O(1-e-) - D(1-e

* )

The impetus for R&D programs on rechargeable
lithium technology in Industrial, government,
contract research, and academic labs is easy to where N is the number of cycles, R is the negative to
rationalize. Modern consumer and military positive ratio, I is the depth of discharge (based on
electronics stress portability and miniaturization, positive electrode capacity), and e- and e. are
The more sophisticated consumer is confronting the negative and positive cycling efficiencies
cost/convenience tradeoff embodied in the respectively. Figure 1 shows the granhical
availability of both primary and rechargeable relationship between cycle life and depth of
batteries. These and other factors provide the basis discharge for a generic system with negative
for optimistic projections of the future rechargeable efficiency of 97.5% positive efficiency of 99.5%
battery market as a whole. Since lithium with negative to positive ratios ranging from 2:1 to
rechargeable systems have advantages in a number of 4:1. The importance of continued work in the area of

areas (e.g.. weight, energy density, charge electrolyte stability and electrode cycling
retention), it is expected that they can participate efficiency Is underscored by this exercise.
in this growing market.

TABLE I
This paper deals with work on systems based on

organic and inorganic liquid electrolytes as well as COMMERCIAL
polymer electrolyte systems. Programs in industry,
government, academic, and contract research labs is Organization System
reviewed. A comparison of materials and systems
under a consistent set of construction assumptions is AT&T Bell Labs Li/organic/NbSe3
presented. The problem of electrode inefficiency is Eveready Li/organic/TIS 2
discussed and impact on cycle life/energy density Fuji Li/organic/MoO 3
characteristics Is treated. Hitachi Maxell Ll-Al/organIc/TiS 2

Matsushita Li-alloy/organic/ACF
DISCUSSION Mol Energy Ltd. Li/organic/MaS 2

NT&T Li/organic/a-V12Os-P205
A partial listing of participants in the research SAlT Li/organtc/f2O5,M003

and development effort on rechargeable lithium Sony Energytec Li/organic/LixMn02
batteries is presented as Table I. h.R. Grace Li/organlc/TiS2

AMOCO Li/S02 /CBallard Research, Inc. Li/S02/C

Much In the way of excellent progress and Combustion Engineeriny Li/polymer/MX
Innovation has resulted from these programs. Many
d e ta i le d e xa m p le s ca n be c ite d . C O N T RA C TI G O VE R N_ _ _

CONTRACT/GOVERNMENT

A theoretical comparison of a number of the more
important electrochemical system can be made. SOHIO Li/polymer/Mx
calculations based on material properties provide Varta/BASF Li/organic/polymer
theoretical primary and secondary energy densities. Bridgestone/Seiko Li-AI/organic/polyaniline
Based on the assumption that in a present state of AERE et.al. Li/polymer/V 60 13

the art high surface area spiral wound cylindrical Altus (Duracell) LI/LiAiC14:SO2/CuCl2
rell construction, the active materials occupy about Covalent Associates Li/organic/MX
25% of the total cell volume, practical calculated EC Li/organlc/tiS 2

energy density values can be put forth. Table II is Honeywell Li/organic/V205
submitted as a comparison of a number of candidate Hydro Quebec, et.al. Lti/polymer/llSyMnO2
systems, JPL LI/organic/liS2,NbSe3

NSWC Li/S02Cl2/C
Involved in the calculation of the theoretical

secondary energy density is the negative-to-positive
balance to which the cell is built. The literature
is replete with references to problems associated
with lithium replating inefficiency. Because of the

6 1



UNIVERSITY

U. Penn. Zn/aqueous/polyanillne
Li/organic/polyacetylene

Northwestern U. Li/po~ymer/TiS2, V205
U. Rome Li/polymer/MX
U. Munich Li-Al/organic/MX
Imperial College li/polymer/V60 13
Tech. U. Denmark Li/polymer/V60 13 , TiS2

TABLE II

RECHARGEABLE LITHIUM SYSTEMS COMPARISON

---------- Energy Density -----------

Primary Secondary Secondary
Material Theory Theory Practical

TiS2  19.3 12.5 3.13
MoS2  11.1 10.9 2.73
a-MoS3 24.6 14.2 3.56
V205 18.4 13.3 3.31
V409 28.1 16.3 4.08
V6013 20.4 13.4 3.35
V6013 34.4 18.2 4.56
VO.5CrO.5S 2  24.1 14.9 3.12
VO.25CrO.75S 2  24.1 14.9 3.72
a-V2S5  28.2 15.4 3.84
CuS 20.7 12.0 3.01
X-MnO 2  38.9 21.7 5.43
LiMn204 22.4 15.2 3.80
NbSe3 26.2 14.1 3.52
Cr308 32.4 19.8 4.95
MoO3 28.9 16.9 4.22

CYCLE LIFE vs. DEPTH OF DISCHARGE
NEG. EFF .97.5% POS EFF. .99.5%

- - :,\lh. - I

fig. I: Dependence of cycle life on depth of
discharge as a function of negative-
tn-positive ratio. Assumed negative
efficiency 97.5%; assumed positive
efficiency 99.5%.

(141OH)
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NEW MOLYBDENUM CHALCOGENIDES AS CATHODES figure 2 show, a capacity of 1.59 Li/Mo was obtained
FOR RECHARGEABLE Li BATTERIES for a Li/MoO 2S cell in the first discharge. This

decreased to 0.95 Li/Mo in the second cycle; but, sub-

D. M. Pasquariello, E. B. Willstaedt and K. M. Abraham sequently the capacity fade rate was very low. More
than 150 deep discharge/charge cycles have been demon-

EIC Laboratories, Inc. strated.
111 Downey Street
Norwood, MA 02062 In Table I we compare the first discharge capac-

ities, mid-discharge potentials and quasi-theoretical
INTRODUCTION specific energies of the molybdenum oxysulfide cells

with those of two other molybdenum chalcogenide Li
A recent interest of our laboratory has been the cells we have investigated, namely Li/MoS3 (2) and

investigation of novel molybdenum chalcogenides for Li/MoSeS (3,4). The Li/MoS3 cell has a very high

use as secondary Li battery cathodes. This interest initial specific energy of 720 Wh/kg. However, as the
grew out of our earlier work with MoS 3 (1,2) in which cycle life data in Figure 2 show, it exhibits the
we observed a high initial capacity (>2 Li/Mo), but highest capacity fade rate of the four molybdenum
rapid capacity loss as cycling proceeded. Alternate chalcogenide cells. The Li/MoSe 3S cell has an inter-
molybdenum chalcogenides with higher capacity and mediate rate of loss of capacity per cycle. After
improved rechargeability have been sought. Some of about 100 cycles, its specific capacity was about the
the results of this research are presented herein, same as in the oxysulfides. The Li/ molybdenum oxy-

sulfide cells differ substantially from both the
EXPERIMENTAL Li/MoS, and Li/MoSe3S systems in that they maintain a

steady level of cathode utilization following the
The molybdenum oxysulfides MOOS? and MoO2 S were first cycle. The molybdenum oxysulfides seem to have

prepared by the decomposition of (NH4 )2Mo02S2 and paved the way for a variety of hitherto unidentified
(NH )(Mo03S, respectively, at 300

0
C in an Argon at- transition metal oxysulfide cathodes for secondary

mosphere. MoSe3 S was obtained as a precipitate when a lithium batteries.
50:50 (v/o) mixture of H7S and HySe was bubbled

throuqh a solution of ammonium molybdate in NH3Iq) ACKNOWLEDGEMENT
(3,4). , .,, w-, orepared by thermal decomposition of
(NH1i).oS4 (5). This work was supported by the U.S. Army, Contract

No. DAALOI-87-C-0378, under the SBIR program.
X-ray diffraction was used to determine the amor-

phous nature of the solids, and their stoichiometries
were established by elemental analysis. Chemical reac- REFERENCES
tivity with Li was tested by using n-butyllithium (6).
Electrochemical evaluation was performed using Tabora- I. K. M. Abraham and S. B. Brummer, "Secondary Litn-
tory test cells of the type described elsewhere (3,4). ium Cells" in Lithium Batteries, J. P. Gabano
A tetrahydrofuran (THF):2-methyl-tetrahydrofuran ed., Academic Press, NY (1983T.
(2Me-THF)-LiAsF 6 mixd electrolyte was used (7). The
(ell configuration was Li/THF:2Me-THF-LiAsFv (i.5M)/ 2. G. L. Holleck, K. M. Abraham, P. B. Harris, J. L.
molybdenum chalcogenide. In the case of the oxysul- Goldman, J. Avery, M. W. Rupich and S. B. Brum-
fides, the cathode composition was 60 w/o MoOS, :30 mer, Proceedings of the 30th Power Sources Sympo-
w/o C:I w/o Teflon. The data cited here for MoS, and sium, Atlantic City, NJ, 1982, p. 68.
MoSe'S were collected using cathodes containing 85 w/o
of the chalcogenide:10 w/o C:5 w/o Teflon. Basically 3. K. M. Abraham, D. M. Pasquariello, and G. F. McAn-
similar cycling behavior was observed for cathodes drews, J. Electrochem. Soc., 134, ?661 (1987).
containing higher amounts of carbon. In all cases the

cells were cathode-limited and electrolyte flooded. 4. D. M. Pasquariello, and K. M. Abraham, Mat. Res.
Cell cycling was performed galvanostatically at room Bull., 22, 37 (1987).
temperature between the limits of 3.OV and 1.6V.

5. A. J. Jacobsen, R. R. Chiannelli, S. M. Rich and
RESULTS AND DISCUSSION M. S. Whittingham, Mat. Res. Bull., 14, 1437

(1919).
All of the molybdenum chalcogenides we have inves-

tigated are amorphous. MoOS2 and MoOS were prepared 6. M. B. Dines, Mat. Res. Bull. 10 , 2B7 (1975).
according to the reactions shown in equations Ill and
21. 7. K. M. Abraham, 0. M. Pasquariello, and f. J. Mai-

tin, J. Electrochem. Soc., 133, 661 (1986).
300°C

(NH,)/MoO,Sz - 2NH, + H2 O + MoOS2  II

300°C TABLE I
(NH4 )?MoO}S - 2NH3 - HO + MoOS 121

SPIL IC ENERGIES Of SECONDARY Li BATTERY COUPLES

Elemental analysis showed the compositions of these
materials to be MoO1 . S, ! and MoO3 ,/Su.g5, respec- Quasi-
tively. Reaction of the oxysulfides with n-butyllith- Material theoretical
ium indicated that the maximum Li insertion capability Utilization Mid- Specific
is 3.5 Li/Mo for MoOS? and 3.0 Li/Mo for MoO S (Li/mole of discharge Energy
lypical cycling curves obtained for a Li/MoOi, cell Cell cathode) Voltage 11 (Whk~q
are shown in Figure 1. The initial discharge capacity

was 1.86 Li/Mo. Approximately 25% of this capacity i /MoS 3.0 1.9 720
was irrecoverable in the first charge so that a capac-
ity of 1.39 Li/Mo was obtained in the second dis- t i/MoSeS 4.0 1.75 4/7
,harge. The recharge efficiency was 100% from the
second cycle to the last. As shown in Figure 2, the [i/MoOS, 1.9 1.92 515
capacity fade rate of the MoOS7 cathode was very low
from the second cycle onwards. The cycling behavior Li/MoO. 1.6 1.9? 466
ior of MoO7S resembled that of MoOS . As the data in
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ELECTROCHEMICAL STUDIES ON Finally, chronoamperometric curves were generated
TiS, AND NbSe, CATHODE MATERIALS for NbSe (virgin as well as partialiy discharged) and

TiS by applying a potential corresponding to diffu-
B. V. Ratnakumar, G. Nagasubramanian, sion limited regime. Also open-circuit potential
S. Di Stefano and C. P. Bankston relaxation after the interruption of galvanostatic

pulse was monitored (Figure 3) to calculite the
Jet Propulsion Laboratory diffusion coefficients of Li inside the cathode. All

4800 Oak Grove Drive the kinetic parameters thus obtained for TiS and
Pasadena, CA 91109 NbSe3 are tabulated in Table 1.

Niobium triselenide and titanium disulfide are ACKNOWLEDGEMENT
two of the well developed positive electrodes for
ambient temperature Li rechargeable calls. Both have The woik described here was carried out at the
ideal layered structure for reversitle intercalation Jet Propulsion Laboratory, California Institute of
of large amounts lone equivalent in TiS and three Technology, under contract with the National Aero-
equivalents in NbSe,) of Li at high positive poten- nautics and Space Administration. One of the authors
tials as well as for rapid transport of Li inside the (B. V. Ratnakumarl acknowledges the National Research
lattice. Lithium-titanium dis-Ifide and lithium- Council for providing his Research Associateship
niobium triselenide cells thu offer high energy during this work.
densities at fair to good power densities and long
cycle life and hence are being evaluated at JPL for REFERENCES
space applications. A detailed study on the mechanism
and kinetics of NbSe, reduction was carried out 1. B. V. Ratnakumar, C. L. Ni, S. Di Stefano, R. B.
earlier 1,2). Here we report the results of a com- Somoano, and C. P. Bankston, Proc. Lithium
parative study on the kinetic parameters as well as Batteries, Electrochemical Society Fall Meeting,
the diffusion coefficient of Li in TiS2 and HbSe3. Honolulu, HI, October 19-23, 1987.

NbSei and TiS2 were prepared by the reaction
between chalcogenide vapor and valve metal. TiS 2. B. V. Ratnakumar, C. L. Ni, S. De Stefano, P. S.
electrodes were made by applying the paste of TiS2 Somoano and C. P. Bankston, Submitted for
powder and EPDM binder (dissolved in cyclohexanel onto publication.
an expanded Ni screen acting as current collector.
NbSe) electrodes were made without any binder as 3. Allen J. Bard and Larry R. Faulkner, "Electro-
described earlier l2,2. The electrodes were tested chemical Methods, Fundamentals and Applications,"
in glass prismatic cells with 1.5 M LiAsFs/solution in John Wiley & Sors, Inc., New York, 1980, Ch. 5
2Me-THF as the electrolyte and Celgard 3501 as and references therein.
separator. All the operations were carried out in an
argon-filled dry box. 4. S. Basu and W. L. Worrell. in J. N. Mundy, P. D.

Both dc and ac electrochemical techniques such as Vashita and G. K. Shenoy (Eds), Fast !on
linear polarization, linear sweep voltammetry and ac Transport in Solids, North-Holland, Amsterdam.
impedance were adopted to obtain the kinetic para- 1979, p. 149.
meters including exchange current density, transfer
coefficient, and diffusion coefficient. Diffusion
coefficients of Li were also measured from chrono-
amperometry (3) and current-pulse. open-circuit
potential relaxation techniques (4).

The ac impedance spectrum INyquist plot) of TiS
(Figure 11 contains a single relaxation loop corres- . we.- -
ponding to the intercalation of (one equivalent of) Li
and a distinct mass transfer impedance characterized ., . , ,
by a linearity, with slope close to unity, between .... .. _

real and imaginary components of the impedance. The
ac impedance spectrum of NbSe is rather complex with
two relaxation loops corresponding to the two steps in • - -__.

the reduction of NbSe and with mass transfer polari- .,
zation also setting in in a partially tlischarged
electroue (1,2), These data have been analyzed to
obtain the values of exchange current density, cell
internal resistance, and diffusion coefficient of Li.

Linear polarization curves yield the values of
charge transfer resistance for both Tim, as well as
NbSe-. Linear sweep voltammetric curves of TiS,
(Figure 21 and NbSe, (Figure 5 in Reference 2)
exhibit limiting current at overpotentials 2 500 mV ..
characteristic of diffusion governed processes. The
kinetic parameters of TiS2 have been directly calcu-
lated from the Tafel plot corrected for mass transfer
polarization. Analysis of the linear sweep voltam-
metric curve is not straight forward in the case of
NbSe, due to two overlapping charge transfer pro- . ...
cesses and was carried out as described earlier 12).
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DEVELOPMENT OF OVERCHARGE TOLERANCE IN of the potentiometric experiments. As shown in

LI/FeS and LI/FeS2 
CELLS Fig. 1, significant rates of self-discharge (up to

20 mA/cm
2
) were established by polarizing a Li-alloy

T. D. Kaun, T. F. Holfield, electrode in molten LiF-LiCI-LiBr (22:31:47 molt) at

M. Nigohosian*, and P. A. Nelson -500C. Appreciable self-discharge rates of

Argonne National Laboratory 2-5 mA/cm
2 

were attained at about -200 mV vs. the

Chemical Technology Division LiAI reference electrode. This potential is safely

Argonne, IL 60439-4837 away from that for the deposition of Li* or formation

of liquidus Li alloys. The Li-AI5 Fe2 electrode is
Li-alioy/FeS5 

battery cells
1 

with molten electrolyte well suited for this potential range and maintains a

currently require an electronic charge/equalizer to stable electrode structure. Other alloys such as Li-

protect the cells from destructive overcharging. The Al, Li-Si, and Li-AlSi are less desirable due to

development of Li/FeSx cells which are overcharge variations in potential with composition. The effect

tolerant would allow the elimination of electronic of temperature on the lithium-shuttle mechanism is

safeguards and aid battery development, especially significant; a 50C change can double the self-

for a bipolar design. An earlier innovation provided discharge rate. Other factor, such as electrolyte

cells that could be overcharged at full battery composition and separator thickness and porosity

charge current for a finite capacity.
2 

The develop- also affect the rate of self-discharge by the lithium

ment to be reported on here is an additional shuttle mechanism. The dominance of the Li-electrode

unlimited trickle-charge tolerance. The mechanism potential permits flexibility in establishing the

behind the overcharge tolerance involves dependence remaining cell design factors.

upon a self-discharge -ate controlled by the activity

of the Li-alloy electrode. The proposed "lithium- The tests of modified cells for overcharge tolerance

shuttle" self-discharge mechanism involves (1) dis- have verified the efficacy of the lithium-shuttle

solution of Li at the Li-alloy electrode surface, mechanism to provide sufficient levels of overcharge

(2) diffusion to across the separator to the positive tolerance. The unique combination of overcharge

electrode, and (3) discharge of the Li* (possibly capacity and unlimited tolerance of a trickle charge

Li
2
*) to reduce the positive electrode capacity. We has been demonstrated. Modified cells have been

have investigated the controlling parameters of this operated for >200 cycles without the MgO separator

mechanism, as well as operated compact prismatic shorting. A bimodal self-discharge rate is exhibited

cells to exhibit its effectiveness, by the Li-Al + I0 moll Li 5
Al

5
Fe

2
/LiF-LiCl-

LiBr(MgO)/FeS cell (6 Ah capacity) operated at 475*C.

EXPERIMENTAL When charged to a 1.47 V cutoff, the cell exhibits
99-% coulombic efficiency and a self-discharge rate

Parametric investigations of the lithium-shuttle of 0.2-0.4 mA/cm
2
. Due to a 150-200 mV step in Li-

mechanism were conducted hy a potent aomerlc method electrode potential by charging the overcharge

using a three-electrode cell within a He glovebom. A capacity, the cell coulombic efficiency for a 1.57 V

Li-alloy working electrode (e.g., Li-Al, LiAISl, charge cutoff is noticeably reduced to about 93%

iiAlFe) of 0.25 _
2 
was positioned versus a counter (coulometric testing). As shown in Fig. 2, in the

electrode of Li-Al or FeS, 10 Ah, in about 100 g overcharge state, a trickle charge of 3 mA/cm
2

molten salt (e.g., LiF-LiBr-LiCI). Using a PAR 173 continues (for 4-8 h) without polarization of the

potentiostat, potentials of the working electrode sulfide electrode. (Excessive polarization of an FeS

were maintained in a range of 0 to -270 mV versus an electrode results in deposition of iron In the

a-Al-rLi-Al reference electrode to establish a self- separator to short the cell.) An additional 10-20X

discharge rate for a set of physical parameters charge capacity (beyond the overcharge capacity) is

(temperature, electrolyte composition, etc.). tolerated under a condition of trickle charge

Steady-state self-discharge rates were established balanced by self-discharge (galvanostatic testing).

for >1/2 h by following a strip-chart recording. Similar overcharge tolerance (2-3 mA/cm
2
) has been

demonstrated for the LiAI + 10 mol% LE
5
AlFe/LiCl-

Overcharge tolerance in Li/FeS
x 
cells was evaluated Li~r-Kr(MgO)/upper plateau FebZ cell at 400C.

by galvanic and coulometrwc methods. The overcharge Overcharge tolerant Li/FeSx cells would enable charge
tolerant cells have Li-alloy electrodes which are capacity equalization of battery cells without
modified to exhibit a bimodal stepwise change in Li- equalization electronics. The bimodal self-discharge

activity. Approximately 10% of the lithium capacity rate allows a weaker cell to accept trickle-charge

of the Li-Al electrode was replaced by Li-Al5 Fe 2
.
3  

capacity at high efficiency, while cells in

These compact prismatic bicells (6-25 Ah capacity) "overcharge" assume a static state-of-charge. The

have electrodes that are 8.
7
-cm high x 6.3-cm wide. modified cells can lead to more reliable battery

The separator (100 cm
2 ) 

consists of MgO/electrolyte operation which, in turn, enhances durability and

powders that have been cold-pressed into a plaque of lowers cost.

2.5-mm thickness. After assembly in an Ar glovebox,

the cells are sealed with a BN-pom-4er feedthrough. ACKNOWLEDGMENT

Cells were generally charged at 25 mA/cm
2 
and

discharged at 50 mA/cm
2
. Overcharge tolerance was This work was done under the auspices of the U.S.

evaluated by establishing a trickle charge of 2 to Department of Energy, Energy Systems Storage Branch,
5 mA/cm

2 
while the Li-alloy electrode exhibited under contract W-31-109-Eng-38.

electrode potentials (vs. Ni 3
S
2 

reference electrode)

which are associated with the Li
5
AI

5
Fe

2 
electrode (50 REFERENCES

to 100 mV vs. Li'). Under cycling to various charge

voltage cutoffs, coulombic cell efficiency also 1. T. D. Kaun, L. Redey, and P. A. Nelson, 'Molten-

indicated self-discharge rates for the normal Salt Battery Advances," Proc. of the 22nd IECEC,

capacity and overcharge states. Philadelphia, PA, pp. 1085-1090 (1987).

RESULTS AND CONCLUSIONS 2. T. D. Kaun and A. A. Chilenskas, U.S. Patent

The viability of developing Li/FeS. cells with 4,324,846, issued April 13, 1982.

overcharge tolerance was indicated from the resuts 3. T. D. Kaun, U.S. Patent 4,158,720, issued June

19. 1979.*Co-op Student, University of Illinois-Chicago.
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Abstract No. 48

CHEMICAL OVERCHARGE/OVERDISCHARGE PROTECTION related to the potential of the negative electrode
FOR Li-ALLOY/TRANSITION-METAL MONOSULFIDE CELLS and is controlled by mesa-transport limitations.

Figure N shows a charge half-cycle in which the

Laszlo Redey current density was set back to 10 mA/cm
2 

from 100

Argonne National Laboratory mA/cm
2 
when the cell voltsge reached 1.63 V. The cell

Chemical Technology Division is designed such that the ratios of the capacity
9700 S. Cass Ave., Argonne, IL 60439 sections for the positive and negative electrodes

(Fig. 2) dictate a low self-discharge rate in the
NCYC section and high rates toward the end of the

BACKGROUND charge in the NPRC section. Achieving the high self-
discharge rate is facilitated by the rapid decrease

The present iithium-alloy/metal sulfide cells require of the negative electLcde potential, as shown by the
the caref l monitoring of an experimentally curve in Fig. 1. At the same time, the potential of
established charge cutoff voltage limit to prevent the positive electrode increases only slightly and

overcharge of the cell. remains well below the critical value, which is about
1.60 V vs. Li-Al under the condition of the

Maintaining the charge voltage at or below the experiment.
voltage limit and simultaneously reaching equal
capacity in each serially connected cell of a The flat end section of the charge curve indicates a
lithium/metal sulfide battery over many cycles are steady state in the cell. The steady-state condition
difficult tasks. To overcome this difficulty, a is brought about by a lithium shuttle mechanism in
special integrated charger/battery system has been which the lithium that dissolves from the negative
developed (1]. Ideally, the cell/battery overcharge electrode and diffuses to the positive electrode is
control, however, should rely on a built-in chemical then consumed at the positive electrode by a chemical
mechanism that furnishes the cells with an inherent reaction. The high rate of this reaction in the NPRC
overcharge tolerance. section, facilitated by proper cell design and charge

conditions, counterbalances the anodic and cathodic
For lithium-alloy/disulfide cells, chemical formation of the electrode active materials and
overcharge protection by a polysulfide shuttle terminates the charge in the steady state before the
mechanism has been proposed (2). This mechanism, onset of the detrimental anodic dissolution of the
however, 

4
s not available in monosulfide cells. For positive electrode components. The resulting zero

lithium-&Aoy/monosulfide cells, two phenomena percent coulombic efficiency of the charge current
suggest a possible method of chemical overcharge under this condition of the lithium shuttle mechanism
protection: dissolution of lithium from the negative results in overcharge tolerance and provides a means
electrode [3,4] and the associated self-discharge of for cell capacity equalization in batteries.

the cell.
At higher charge current densities, however, when the

EXPERIMENTS AND RESULTS lithium shuttle can not keep up with the charge
current and a sharp increase of the potential of the

To explore the possibility of chemical overcharge positive electrode occurs toward the end of charge.
protection in monosulfide cells, several LiAlSi/FeS The broken line in Fig. 1 shows the increasing cell
cells were built and tested. One of them, which is voltage due to the rising potential of the positive
described here, was built according to the following electrode when the charge current density was kept
parameters: constant at 100 mA/cm

2
.

Negative electrode: iil. 3 0Al0.g6Si0 .14 , 1.54-m The lithium-poor phases of the negative electrode in
thick, 115 mAh/cm

2 
cycled capacity (-NCYC). the NEGUN section, i.e., the a-Al and LiAlSi (1:1:1)

Separator: 9.6LiF-22.OLiCl-68.4LiBr + 25MgO (in phases, have poor charge/discharge kinetics;

wt%), 2.0-m thick, therefore, these are not normally utilized in
Positive electrode: Li0,52Fel1 IoSI.24 , 1.92-mm cycling. The NUNC section, however, can be used for

thick, 194 mAh/cm
2 

cycled and unused capacity. overdischarge protection when it is complImented by
an available counterpart capacity in the positive

The cell was cycled at 475
0
C in a glove box which electrode (PUNC).

contained He of about I-ppm O2/HzO impurity level.
The electrode material formulas represent electrode ACKNOWLEDGMENT
compositions that are normalized to I mole of the
negative matrix material (Al and Si). Figure I shows This work was supported by the U.S. Department of
typical chargeldischarge cell voltage curves along Energy, Office of Energy Storage under contract No.

with the potentials of the positive and negative W-31-109-ENG-38. The author is grateful to Dr. P. A.
electrode as measured with a reference electrode Nelson for his encouragement and support.
during charge. Three characteristic sections can be
distinguished on the graph. These sections are REFERENCES
associated with three different capacity ranges of
the negative electrode and are identified by NUNC, 1. W.H. DeLuca, A. A. Chilenekas, and F. Hornstra,
NCYC, and NPRC symbols, which represent the unused-, Proc. of 14th IECEC, Boston, MA, 5-10, 1979,
cycled-, and protecting-capacity portions of the Vol. 1, p. 665 (1979).
lithium alloy. As Fig. 1 shows, each section is
associated with an important feature of the cell. 2. L. Redey, Proc. of the Joint Internat'l. Symp.

on Molten Salts, The Electrochemical Society,
DISCUSSION Pennington, NJ, Proc, Vol. 87-7, p. 631 (1987).

Out of the three sections in Fig. 1, overcharge 3. G. J. Reynolds, M. C. Y. Lee, and R. A. Nuggins,
protection is the most important for the present Proc. of the 4th Internat'l. Symp. on Molten
discussion. In this section, the charge curve reaches Salts, Proc. Vol. 84-2, The Electrochemical
s constant cell voltage. This charge curve was Society, Pennington, NJ, p. 519 (1984).
obtained at a charge current lees than the highest
possible self-discharge rate under these conditions. 4. L. Redey, to be published.
The highest possible self-discharge rate is, in turn,

! ! l ! l | | p
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LITHIUM/DISULFIDE CELLS CAPABLE OF LONG CYCLE LIFE capacity after 1000 cycles. A reference electrode
indicated that cell capacity had become limited by

T. D. Kaun, T. F. Holifield and W. H. DeLuca the Li-alloy electrode. The high specific power
Chemical Technology Division capability of the cell was not degraded during the
Argonne National Laboratory 1000 cycles of operation. Cell resistance vs. depth-
Argonne, IL 60439-4837 of-discharge was unchanged, 0.65 to 0.75 g-cm

2

separator area. Coulombic efficiency was 96+%.
A Li/upper plateau tU.P.) FeS 2 battery has intrinsic Apparently, both time- and cycle-related capacity
high-performance characteristics: high theoretical loss mechanisms of the earlier FeS 2 cells have been
specific energy (-500 Whlkg) and achieved high power overcome.
(200-300 W/kg). Earlier advances in the Li/U.P. FeS 2
cell with LiCl-LiBr-KBr electrolyte resulted in high Although cycle-life tests have been at iO0OC, LI/U.P.
performance and capacity stability.

1 
These advances FeS 2 cells have also been operated at 425-450*C for

enabled cells with 40% of theoretical specific energy week-long durations without detectable impact on
to be realized through operation of high energy capacity stability. Cells are normally sealed, but
density electrodes.

2  
Now, lithium/disulfide cell cells have operated for months unsealed. There is

tests have demonstrated a 1000 cycle-life capability, apparently little, if any, capacity loss through
Development of overcharge and overdischarge tolerant vapor pressure. Open cell operation during periods
battery cells has reinforced their durability, of poor atmosphere (>1% N2 , 02) led to cell capacity
Therefore, the performance and durability of the decline. Degradation of lithium-electrode capacity
lithium/disulfide battery are highly suited to an restricted discharge capacity. Currently, batteries
electric van application. The results of a battery will have to be operated in an inert atmosphere.
design study for the IDSEP Van

2 
are reported. This could change with development of a hermetic

feedthrough.
EXPERIMENTAL Abuse tolerant battery cells are desirable for
Prismatic bicells (12- and 24-Ah capacity) with BN- battery durability. Overcharge tolerance can be
felt separator area of 100 cm

2 
(Kenecott Corp.) wore incorporated into the cell by a "lithium-shuttle"

fabricated, Cold-pressed plaques of electro- mechanism.
4 

Overdischarge protection for the U.F.
lyte/MgO powder (Culigan) were substituted for SN FeS2 cell was achieved in a cell whose capacity was
felt in some tests. The electrodes (8.7-cm high x limited by the negative electrode (i.e., lithium-
6.3-cm wide) were contained behind perforated-sheet limited). With the high loading density of the FeS 2current collectors--oolybdenum for the central FeS 2  electrode, the discharge must be restricted to the
electrode and 1008 steel for the two Li-Al elec- U.P. FeS 2 capacity to avoid excessive electrodetrodes. The iron disulfide electrode contained Fel2, expansion. Earlier, this had been achieved by
typically with 15 moll CoS2 additive, for a total limiting the discharge cutoff voltage to 21.25 V.
theoretical capacity Of 12-24 Ah (on the upper For battery operation, this requirement is unaccep-
voltage plateau). The slurry-formed Li-Al electrodes table. A lithium-limited U.P. FeS 2 cell has been
contained 53 at.% Li-Al alloy for 15-30 Ah capacity operated with discharge cutoff voltages ranging from
with 0.9-Ah/cm

3 
loading density. Cells were 1.0 to 1.3 V and has maintained 99% coulombic

assembled and operated in an Ar glovebox. The efficiency for over 900 cycles.
electrolyte (Anderson Physics Lab.) was added to the
cells in the molten state. Cycle-life testing at a A design study intended to provide a comparison of
8-h charge rate and 4-h discharge rate (50 or advanced battery technologies for the IDSEP electric
100 mA/cm

2
) was controlled between voltage cutoffs of van

3 
was completed for Sheladia Associates. Accord-

2.05 and 1.25 V (IR included), respectively. A ing to design study specifications, the battery was
Ni/Ni352 reference electrode indicated working- to be sized to meet one of two limits, 700 kg or
electrode potentials during 1"e deep-discharge 600 L. These specifications allowed a Li-alloy/U.P.
cycling. The improved YeSZ cell has two major FeSZ battery of 120 cells and 610 Ah capacity. Cells
changes from earlier designs: a novel electrolyte, contribute about 80% of the battery weight. The
25 mol% LiCl-37 mole LiBr-38 mol% KBr (m.p. 310oC), battery capacity is I11 kWh at a 20.25 h discharge
rather than 58 mol% LiCI-42 mole KCl (m.p. 352"C), rate with 1.66 avg. V/cell. Peak specific power of
and a higher loading density (2.4 vs 1.5 Ah/cm

3
) for 55 kW could be provided through 95% of discharge

the FeS2-15 mole CoS2 electrode, which is then capacity. The slow discharge rate for the IDSEP Van
operated only on its upper voltage plateau (U.P.) application coupled with high-capa,ity utilization
(1.75 V vs. Li-Al) rather than ito two voltage produces a 170 Wh/kg specific energy for a LI/U.P.
plateaus (T.P.). FeS2 battery. The IDSEP performance requirement

could be met with a Li/FeS 2 battery about one-thirdRESULTS AND DISCUSSION the sire limits. Such a down-sized battery could
provide 400 kg of additional vehicle hauling

A U.P. FeS 2 cell operated at 400"C has demonstrated a capacity.
100% increase in power density and a 50% improvement
in energy density and capacity utilization as ACKNOWLEDGMENT
compared to those of the earlier T.P. FeS2 cell at
427"C. In a group of five U.P. FeS 2 cells (Table 1), This work was done under the auspices of the D.
capacity utilization was 80-90%, depending upon Department of Energy, Energy Systems Storage S-anch,
discharge rate. The disulfide electrode remained at under contract W-31-109-Eng-38.
290% of their initial values throughout the tests.
(Coulombic efficiency was 96-99%.) The high RErERENCES
utilization of the UP. PeS2 capacity provided quite
good accounting of the sulfur capacity throughout the 1. T. D. Kaun, Proc. of Joint Int'l. Symp. on Molten
cycle-life tests. Excellent cycle-life stability has Salts, 172nd Electroch-m. Soc. Mtg., Vol. 87-7
also been established with the 1000 cycle (7000 h) (19g7).
operation of cell KHP-4 (Fig. 1). No cell capacity
loss was exhibited in the first 500 cycles, and 2. T. D. Kaun, J. Electrochem. Soc., 32, 3063
thereafter, test facility equipment problem (e.g., (1985).
glovebox failures) resulted in a 18% decline in

ms 

(19i8).



3. P. G. Patil and W. J. Walsh, "Battery Require-
menta for Urban Electric Vans," Proc. of the 21st
IECEC, San Diego, CA, pp. 1034-1040 (1986).

4. T. D. Kaun, T. F. Holifield, M4. Nigohosian, and
P. A. Nelson to be published at this meeting.

labla 1. Cycle-Life Tests of Upper-Plateau Dislfide Electrode CellsI

PerfonrmeA Lifetima
Cell U.P. Diach. Capacity
No., Coapositimo of Iltil., Rate, Charge,
fiP- Limting Electrode % h % Cycles

1 FeSZCoE2 (85:15 -1%) 89 4 1 400

3 FeSr.6(85:15 =I) 88 4 4 260

4 FeS2,Co62 (85:15 wiX) OD 2 18 1020

5- Li-Al, Carbo 55 1,3 10 900

6 FeS2:N%5:Li2S 93 4 5 250

50 :0 -1%

sprtr(0 m ad 400 600eaatio00

Figac mafncin y cle of cellC and r'-4. U .P. FeS2  all.-
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FUEL CELLS AS ENERGY STORAGE DEVICES ALKALINE FUEL CELL
FOR MULTIMEGAWATT SPACE POWER SYSTEMS

The alkaline fuel cell has been the choice power
GRAHAM IIAGEY system of past and present space applications.

Alkaline fuel cells are well suited for space power

U.S. DEPARTMENT OF ENERGY application, offering efficiencies of up to 75

WASHINGTON, D.C. 20545 percent*, and potentially high specific power. They
have demonstrated the ability to withstand the shock

INIRODUCTION and vibration loads, other factors of launch as well
as space power operation in low specific power.

Fuel cell power systems are a candidate technology for United Technologies Corporation (UTC) modified the

energy storage and multimegawatt burst power (up to Bacon alkaline fuel cell in the early 1960s which

1,000 MW for up to 2,000 seconds) for Strategic became the base for the Apollo spacecraft fuel cell

Defense Initiative (SDI) applications. SDI fuel cell power system. UTC alkaline cells were also used for

systems must have both high specific power and high the Space Shuttle Orbiter. The Orbiter power system

specific energy. Preliminary SDI energy storage consists of three power plants, each with 12 kW

system performance goals target a specific power o output. The fuel stack of this power plant has a

2.2 KW/kg and a specific energy of 444 W-hr/kg/. specific power of 0.5 kW/kg.
2-

Specific power is the most important parameter and
determines the high electrochemical performance During the 1g7Os, UTC tested lightweight alkaline

required by candidate fuel cells, cell assemblies (12 cells plus cooler) with specific
powers up to 4.2 kW/kg and 23 kW/m. V Current

Of the fuel cell technologies under development, densities up to 9.1 A/cm
2 

were achieved in single

advanced alkaline and solid oxide fuel cells (SOFC) cells at voltages above 0.5 volt. A peak areal

appear capable of achieving the SDI energy storage specific power of 30 kW/M
2 
at 0.6 volt per cell was

system performance goals. achieved at a cell pre sure of 620 kPa (90 psia) and
a temperature of 1200C.Z

/

SDI ENERGY STORAGE SYSTEMS Under a current Air Force contract, UTC is developing

advanced alkaline cells designed to provide spgcific

SDI system concept studies indicate that power power up to 27 kW/kg in megawatt-size stacks. This

requirements may range from 100's of kilowatts to high specific power would be achieved by a combina-

1000's of megawatts over time periods froms a few tion of cell weight reduction and increasing cell

seconds to seven years. Power modes are generally power output at a fixed level of efficiency. The

described as base load, alert mode and burst mode. objective for areal spfcific weight of this cell is

Table I indicates the typical power levels and power 2.64 kg/m
2 

(0.54 lb/ft ). Reduced sell weight would

profiles for each mode. A typical SDI energy storage result from the elimination of separate liquid

system utilizing a H2/O2 fuel cell is shown in Figure coolers, and the use of lightweight materials and

I. A unique attribute which fuel cells have for SDI thinner cell componeqts. The goal for total cell
applications is their ability to recover all consumed thickness is 57xiO-cm (22 mil). Improved cell

reactants. This is accomplished by condensing the fuel performance is achievable from operation at a

cell water, which is a by-product of the power temperature of 150
0
C and a pressure of 1.37xIOl kPa

productive process, and subsequently converting the (200 psia).
water back into fuel cell reactants. While other
energy conversion devices may recover product water, ALKALINE FUEL CELL DEVELOPMENT NEEDS - The reduction

unreacted fuel, such as H2, Is typically lost. of stack specific weight is a primary factor in
improved cell performance. Weight reduction would be

There are two methods for electrolyzing the water: accomplished by the use of lightweight cell

one is to use a separate electrolyzer and fuel cell, components (e.g., electrodes and electrolyte matrix),

as shown in Figure 1; the other is to combine the and by the elimination of liquid coolers. The

functions in a single, electrochemically reversible conventional cooling loop would be replaced by

fuel cell. The approach selected is dependent on a integrating evaporative cooling into the reactant

number of factors: system weight, mission flow passages. The key issue in the development of
requirements, power systems simplicity and evaporative cooling is the uniform distribution of
reliability, and the capacity of the fuel cell for the coolant across the face of the cell, which would
electrolysis, ensure uniform heat removal and cell temperature.

Weight Is the principal operational constraint for Improved cell performance is achievable by operation
SDI power systems. The limit for burst mode power is at elevated temperature and pressure. The tempera-

the weight of the energy storage system that must be ture limits are constrained by cell corrosion and

lifted into orbit. At a power level of IOOMW the catalyst recrystallization. The pressure limits are

weight of a typical fuel cell energy storage system constrained by the cross pressure capability of the

capable of 1500 seconds of burst power is estimated to cell stack and assembly seals, and by the design

be about 100 metric tons. This weight equals the approach for stack pressure containment.

single launch payload capability of a heavy lift
launch vehicle. A reduction in cell internal resistance is expected

from the use of a thinner electrolyte matrix

A discussion of advanced alkaline and advanced SOFC (decreased to 0.005 cm). The limit of this reduc-

technologies follows. tion is determined by the cross pressure capability
of the matrix.

* Lower Heating Value U-Fng-IFi and 02 Reactants



For missions requiring a rechargeable energy storage TABLE I
system where a reversible alkaline fuel cell system
approach is selected, the issue of catalyst Typical Power Requirements for SOl Applications
durability during reverso operation remains to be (Neutral Particle Ream, Free Electron Laser,
resolved. Kinetic Energy Weapons)

Verification issues include SOl goals at the system PoerJodne PowerLevel Operational Profile
level for specific power, operational life and the
magnitude of burst power of multimegawatt stacks. Base Load 0.1-I MW 7 years

continuous

SOLID OXIDE FUEL CELL (SOFC) Alert 10-100 1W On/off - 100 days

The SOFC offers the potential for high specific power to I year aggregate

and approximately 70 percent* energy conversion
efficiency. The SOFC is a high temperature (iOC), Burst 100-1000 MW 200-2000 Sec

reactant-gas cooled, solid state system with self-
catalytic electrodes. The SOFC has been demonstrated . N-4. s....
to be reversible for regneration of 02 and H2 from lco,-mv.MW.ow-,
fuel cell produced H20.

For SOl applications the only high specific power
SOFC concept in design and preliminary research is

the monolithic concept originated by Argonne National s-9.
Laboratory. -/

The monolithic design is a strong, lightweight
honeycomb structure of small cells with thin walls. C" Jck
The small passages, similar to corrugated cardboard, P_ ' m P_

are formed from 0.025 to 0.100 mm (1-4 mil) thick
layers of active cell components connected through a
bipolar connection plate. The fuel and oxidant flow •-0•
through alternating passages. The monolithic cell is
currently fabricated into an integrated array by
simultaneously sintering cell components (anode.
cathode, electrolyte matrix and interconnect). Figure .'

SOFC DEVELOPMENT NEEDS - The SOFC technology Fuel Cellsar SOl Energy Storage

development needs relate principally to cell
materials compatibility and cell fabrication. References
Monolithic SOFC fabrication involves the simultaneous
sintering of cell components made nf different I. 5trateeic Defense Initiative Multimeoawatt Sop c
materials with different shrinkage rates and Nuclear Power Prooram Summnary. U.S. Department
different coefficients of thermal expansion, of Energy, Assistant Secretary for Nuclear
Simultaneous sintering has caused cracks in the fuel Energy, Office of Defense Energy Projects and
cell electrolyte and interconnect layers, which must Special Applications, April 1986.
be gas tight. The thin walled ceramics, although
strengthened by honeycomb type structures, are 2. Private communication of data from United
inherently brittle and potentially subject to thermal Technologies, January, 1987.
and mechanical shock failure. The cell failure mode
experienced to date has been microcracting of cell 3. Private communications with U. Fee of Argonne
components. Spalling of materials has not been National Laboratory, April and September, 1987.
experienced.Y. The development and fabrication of
cells and arrays free of mechanical stresses and gas 4. "Multimegawatt Space Nuclear Power", 0. C. Fee,
leaks is necessary. et. al. ,Annual Reort on Monolithic fuel Cel

Technology Development, Argonne National
The design and testing of manifolds to improve the Laboratory, September 30, 1916.
thermal expansion compatibility match of
electrodes/electrolyte and to lower interfacial 5. Private communication of data and analyses from
electrical resistances are required to achieve SOfC's J. L. Bates, Battelle Pacific Northwest
theoretical performance potential. Also critical is Laboratories, February 1987.
the development of techniques for improved processing
and fabrication of arrays and stacks ofth appropriate
nondestructive qualification methods.-/o

Lower Heating Value Using H2 and 02 Reactants
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DEVELOPMENT OF MONOLITHIC SOLID OXIDE FUEL CELLS (i) determination of processing/structure/property
FOR AEROSPACE APPLICATIONS relationships for each cell component layer, and (ii)

development of a methodology for cofiring all layers
under the same conditions.

Nguyen Q. Minh
Allied-Signal Aerospace Company To date, Argonne has demonstrated the feasibility of
AiResearch Los Angeles Division fabricating the MSOFC by the tape casting technique.

2525, West 190 th Street Stacks of the crossflow monolithic design (up to 3 W)
Torrance, CA 90504-6099 have been fabricated and operated by Argonne. At

Allied-Signal Aerospace, the hot roll milling technique
is being developed and optimized for the MSOFC. Single

BACKGROUND cells (anode/electrolyte/cathode) and stacks have been
fabricated. Figure 3 shows a micrograph of a polished

The monolithic solid oxide fuel cell (MSOFC), first single cell fabricated by hot roll milling.
proposed by Argonne National Laboratory in 1983, offers
excellent prospects for aerospace and space applica- AEROSPACE APPLICATIONS
tions owing to its high performance and high power
density. In the coflow version, the MSOFC consists of If the MSOFC can grow from its present early stage to
a honeycomb-like array of adjacent fuel and oxidant a full fledged power system, its first practical uses
channels that resemble corrugated paperboard (Fig. 1). are likely to come in high technology, high cost
Oxidant (air) channels are lined with a cathode, and applications such as aviation and space. Potential
fuel channels are lined with an anode. A gas-tight space and aerospace applications for the MSOFC includelayer of electrolyte is located between the anode and housekeeping power, burst power, energy storage (solar),
cathode. A gas-tight layer of interconnection material airbreathing and non-airbreathin p, 5 , and
connects the anode of one cell to the cathode of the propulsion/power Nteryration. A regenerative fuel cell
next in electrical series. As seen from Fig. 1, the based on the MSFC looks attraction for space
MSOFC is made of two types of laminated structures, applications. The system operates like a secondary
each composed of three ceramics - anodc/Oiectrolyte/ battery and is applicable to darkside energy storage
cathode and anode/intercromector/cathode). The for solar photovoltaics. Regenerative capability of
laminated sLructure containing the electrolyte is the MSOFC has been demonstrated.
appropriately corrugated. In the crossflow version, the
gas flow channels form a separate layer for fuel and a ACKNOWLEDGMENTS
separatelayer for oxidant (Fig. 2). The fuel and
oxidant flow passages are at right angle to each other. This work is supported in part by Gas Research
The walls of the corrugations are formed from anode Institute and Southern California Edison. The author
and cathode layers. The crossflow version offers a would like to acknowledge the contributions of F. Liu,simpler means of ducting gases in and out of the P. Staszak, T. Stillwagon, and J. Van Ackeren.
monolithic fuel cell.

The size of individual cells in the MSOFC is very small.
Typically, I to 2 ne is the repeat distance from cell
to cell. Typical thickness of individual cell component
layer is 50 to 100 microns. The small cell size
increases the active surface area of the MSOFC and
decreases its internal electrical resistance. As a
result, the MSOFC has excellent performance and high
efficiency. The MSOFC is a lightweight, low volume
device. Owing to high surface area and low weight, the
power density of the MSOFC is much higher than that of
many conventional fuel cells and other electrical
generating technologies. At present, the MSOFC employs
Y203-stabilized ZrO2 for electrolytes, Ni/Zr02 for
anodes, Sr-doped La~nO 3 for cathodes, and Mg-doped
LaCrO3 for interconnectors.

FABRICATION

The MSOFC places stringent requirements on materials
and requires significant fabrication development.
Fabrication of the MSOFC involves incorporation of four
thin ceramic layers (anode, cathode, electrolyte, and
interconnection) into a self-supporting monolithic
structure. A fabrication scheme for the MSOFC must
incorporate each material such that no thermal or
chemical environment in any fabrication step destroys
desired material characteristics of any of the
individual layers. Two methodologies are currently
being developed for the fabrication of the MSOFC: tape
casting (Argonne) and hot roll milling/calendering
(Allied-Signal Aerospace). In these methodologies, the
MSOFC is fabricated by forming thin ceramic layers as
green bodies, laminating them into trilayer
composites, forming the monolithic structure from the
trilayer composites, and sintering the structure at
elevated temperature. In qeneral, the fabrication of
the MSOFC involves two important and critical aspects:
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Fig. 1. CoflOw Version of Monolithic Solid Oxide
Fuel Cell Design
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Fig, 2. CrossflOw Version of Monolithic Solid oxide
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POLARIZATION STUDY OF FUEL CELL current distribution in the plane of a cell. The
WITH FOUR REFERENCE ELECTRODES current decreases in fuel outlet,and inversely the

current in fuel inlet must increase. Then the po-
K.Mitsuda, H.Shiota, J.Aragane and T.Murahashi larization of cathode increases due to the rise of

current density at fuel inlet.Central Research Laboratory,

Mitsubishi Electric Corporation The potential shift at fuel outlet was also in-
Tsukaguchi-honmachi 8-1-1, Amagasaki-shi, creased by CO poisoning. Fig.4 shows the poten-

Hyogo, Japan 661 tial changes of cathode and anode by CO poisoning
at 150*C, 100mA/cm2. The remarkable increase of an
anode polarization at fuel outlet and increase of

Introduction: cathode polalization at fuel inlet were observed.
The voltage loss due to poisoning by CO has been

Current distribution in the plane of a fuel explained to be the increase of the polarization
cell has been studied using a mathematical model- of the anode [3]. However, as observed in Fig.4,
ing [1]. The polarizations of cathode and anode the voltage loss was also observed as the increase
have been considered to be inhomogeneous in the of the polarization of cathode. Because of the
plane according to the change of gas composition. inactiveness of anode reaction in fuel outlet, in-
We present here experimental results which show crease of current density at fuel inlet was ex-
the inhomogeneous distribution of polarization in pected to occur. CO poisoning will have an ac-
the plane of a cell. celerating effect on the carbon corrosion in the

cathode, because the cathode potential shifts to
We set four reference electrodes (RHE) imbeded cathodic at fuel outlet.

in a matrix of a single cell of a phosphoric acid
fuel cell at each corner of inlet or outlet of The potential shift at fuel outlet was not
fuel and air. We investigated the change of cath- affected by dilution of H2 concentration. Fig.5
ode and anode potentials at each reference posi- shows potential shifts of cathode and anode when
tion changing gas composition or gas utilization, several diluted hydrogen gases were used. The an-

ode polarization was increased on the whole due to
the decrease of hydrogen partial pressure. On the

Experimental: other hand, the increase of the potential shift at
fuel outlet was not appreciable at all.

The size of each electrode 
and matrix was 100

cm2 for a ;athode,144 cm2 for an anode and 225 cm2 The results of Fig.3 and Fig.5 are interesting
for a matrix and that of reference electrodes was with respect to the fuel gas flow design. At the
0.5 cm2. The arrangement of these cell components fuel outlet of return flow [41, where the partial
was shown in Fig.1. pressure of H2 is lowered, the H2 utilization is

reduced compared with that of the case of cross
Fig.2 shows a cross section view of a cell near flow. This is important from the corrosive point

the reference electrode. Four reference electrodes of view, because cathode potential shifts to ca-
were numbered R1,R2,R3 and R4 as shown in Fig.1. thodic as fuel utilization increases.
The lead wires were inserted near the reference
electrode which was contacted with the cathode or Fig.6 (a) shows the potential variations of
the anode. They were numbered C1,C2,C3 and C4 for cathode and anode with redox potentials (H./H2,Hs,
the cathode, and A1,A2, A3 and A4 for the anode. O2/H20) against RHE (the reference electrode at
The voltages between Cx-Rx,Ax-Rx,Cx-Ax and Rx-Ry each position). The reference potential at fuel
(x,y =1,2,3,4) were measured. Ohmic losses were outlet (R3,R4) shifted to anodic vs. RI potential,
measured by current interruption method and the and the shift value was equivalent to the poten-
voltages were corrected to iR-free values. tial shifts of cathode and anode in fuel outlet.

Then, we can change the expression of Fig.6 (a) to
H2,SRG (H2 80% . C02 20%),RGC2 (H2 80% u CO2 18 Fig.6 (b), which was standardized by the potential

% + CO 2%), RG10 (H2 10% a CD2 90%) or RG2O (H2 of Ri. Here the potential of cathode and anode vs.
20% + C02 80%) was used as a fuel. The single cell RI are not changed at all, inversely the redox pu-
test was conducted at 190-C or 1505C under tential of H+/H2 or H+,O2/H20 vs. R1 is changed.
atmospheric pressure. The redox potentials are changeable by the PH

change of the electrolyte (92 mV/PH at 190 C). The
acidity of the electrolyte in fuel outlet should

Results: be changed to basic.

Fig.3 shows potential changes of cathode and It is very interesting that the acidity of
anode at each position with H2 utilization of SRG. electrolyte in the plane of a cell could vary from
X-axis shows the position of reference electrodes, location to location.
and RHE is the reference electrode potential at
each position. RI was indicated as I/I because it
was located in the fuel inlet and air inlet corner Acnowledgement:
of the cell. In the simillar way, R2, R3 and R4
were indicated as I/O, O/I and D/D, respectively. This work was supported by Agency of Industrial

Science and Technology, Ministry of International
In Fig.3, the potentials of cathode and anode Trade and Industry, and New Energy Development

at fuel outlet shifted toward cathodic, when H2 Organization (NEDO) , Japan.
utilization of 8RG was increased. At 95% utiliza-
tion the potentials shifted up to about 500 mV.
This means that,at fuel outlet, anode polarization References
increased and cathode polarization decreased.

1.T.L.Wolf et al.J.ElectrochemSoc.,130,48 (19831.
It is well known that the corrosion current in- 2.A.J.Appleby, Corrosion'86,March 1;-21,1986,No.80.

creases as cathode potential shifts toward cathod- 3.H.P.Dhar et al.J.Electrochem,Soc.,133,1574(1986).
ic (2). The potential shift of cathode at fuel 4.H.R.Kunz et al.U.S.Patent 3,994,748.
outlet is consistent to the observation that cor-
rosion is found at the fuel outlet on a cathode.

The polarization of cathode at fuel inlet was
increased when H2 utilization was increased as
shown in Fig.3. Tt was caused by the change of

/7
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EUROPEAN REGENERATIVE FUEL CELL (RFC) TECHNOLOGIES The characteristic of the mobile alkaline system is a
FOR SPACE USE KOH circuit with the advantage of a good water and

heat management of the fuel cell and the electroly-

Francis Baron*, Ralf Philippi-, zer. A disadvantage is the necessity of a gas/elec-
Werner Tillmetz** trolyte separation for the electrolyzer and the water

removal out of the electrolyte via an electrolyte

) ESTEC, Postbus 299. 2200 Noordwijk, regenerator for the fuel cells. The efficiency cf
Netherlands this system (about 60 % fuel cell and about 90 %

Ca) Dornier System. Postfach 1360, electrolyzer) needs further improvement. The main

7990 Friedrichshafen, W.-Germany reason for the efficiency loss is the relatively wide
gap between the electrodes which is required by the
electrolyte flow.

For energy storage and supply in space electrolyzers
and fuel cells with very high efficiency and very The Eloflux technique of VARTA has the advantages of

mature development status are necessary. Within a an electrolyte/gas separation inside the electrodes
study performed by Dornier System and funded by and of a very compact design. Disadvantages are high

ESTEC, (title: Fuel Cell Component Development). temperature- and concentration gradients within one

European regenerative fuel cell (RFC) systems were electrode package.

investigated. r mnobile alkaline electrolyte systems have the advan-
The technologies are tage of very small gaps between the electrodes which

leads to high efficiencies (about 65 % for fuel cells
mobile alkaline electrolyte systems and about 91 % for electrolyzers). No electrolyte

m conventional circuits as well as electrolyte/gas separations are

* advanced (e.g. E)oflux technique of VARTA) necessary. Disadvantages are the relatively sensible

immobile alkaline electrolyte systems water management and the necessity of an extra coo.-

- ion exchange membrane (IEM) systems ing loop for the stack (cooling plates).

For mobile alkaline electrolyte (KOH) electrolyzers SPE techniques have the advantage, that an agressive

as well as fuel cells a very wide know-how exists in electrolyte has nt to be handled. Disadvantages are

Europe. Sophisticated systems can be found with vari- the necessity of cooling plates and the water/C,
ous technical terrestrial applications. Variants on separation for the liquid water feed electrolyzer.

this technology, e.g. the Eloflux-technique, are al- For the SPE-fue! cell probably an 0,-humidifier is

ready developed and have found technical applica- necessary to avoid a dry-out and ripping ap-rt of the

tion. membrane. The efficiency of 55 % to 60 % for the fuei
cell and 85 % to 90 % for the electrolyzer is rela-

Immobile alkaline electrolyte systems, which are al- tively low. This is caused mainly by the membrane

ready used for space application in U.S.. are of chaiacteristics (conductivity, H,-permeability). New

great interest for space application in Europe, too. membrane developments wiil bring improvements.

Unfortunately only minor know-how on this techniquescan be found in Europe. In principle one RFC system -ould be assembled of one
SPE-electrolyzer and one alkaline fuel cell. Here the

In the field of IEN technologies, SPE (solid polymer feasibility has to be investigated, e.g. the influen-
electrolyte) electrolyzers are very well developed in ce of KOH-contamination on SPE membranes.
contrast to SPE fuel cells and have a wide potential
for terrestrial application. One important point for the development is -he weight

of an RFCS. Here not only the electrolyzer. the fuel

Other technologies, e.g. phosphoric acid fuel cells, cell, the per-pherals and the storage tanks have tc
molten carbonate fuel cells and electrolyzers, high be taken into account, but also the radiator and the
temperature solid oxide electrolyte electrolyzers. solar panels. The efficiency of the fuel -el. ,s res-

have a very promising development status but are not ponsible for the size (and weight) of the electroly-
considered for space application yet. 4er and the radiator. The efficiency of the electro-

lyzer determines the size of the solar panel.

Due to the space application general impacts on fuel KOH-circuits and gas/liquid separators of mobile
cell and electrolyzers as well as on the peripheral electrolyte systems are problematic for safety and
components result, Special physical conditions such reliability considerations. On the other hand these
as w-g environment, high acceleration forces and sytems have a very simple temperature control.
vibrations during launch and reentry as well as
extreme requirements on safety, reliability (life- A comparing summnary of the me ;t important evaluation
time), volume and mass have to be considered. Some and selection criteria will be shown as result of the
critical points are the gas/liquid and liquid/gas first study phase. At the time being immobile elks-
separation, the handling of hot concentrated potas- line systems seem to be the most promising for space
scum hydroxide, the water removal out of the electro- application, followed by SPE and Eloflux techniques.
lyte in mobile alkaline fuel cells and the reliable The application of conventional mobile RFC systems
long-time operation of pumps as well as the aspects for space use has to be considered as pronlematic.
of thermal management. All components (inclusive
peripherals) have to operate with the highest effi- The results of the first study phase are investigated
ciency, which will have an influence on the system more deeply at the time being within the second study
mass. phase on RFCS, which is funded by ESTEC and carried

out by Dornier System.
A short description and evaluation of the different

RFC systems shall be given.
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PROGRESS IN HIGH POWER DENSITY FUEL CELLS Corporation (Canada), Dow Chemical (USA),
Ergenic Power Systems, Inc. (USA), General
Motors Corporation (USA) and Los Alamos

Supramaniam Srinivasan and Edson A. Ticianelli National Laboratory (USA) strongly indicate
the attainment of high powe5 densities.

Center for Electrochemical Systems and Current densities of 4 A/cm at a cell
Hydrogen Research, Texas A&M University potential of 0.5 V, 80 -C, and 8 atm pressure

Systems, College Station, TX 77843 have been reported by Ballard Technologies and
by Dow Chemical in solid polymer electrolyte
(Dow membrane) fuel cells wit Teflon-bonded

Introduction electrodes containing 4 mg/cm unsupported
High power densities are essential platinum, and using pure H; and O as

to minimize the capital cost, weight, and reactants (2). The Los Ala os Nat onal
volume of fuel cell power plants. High power Laboratory investigators are focusing on
densities should be achieved without sacrifice achieving high power densities in such fuel
of efficiencies. Thus, if the efficiency of cells usin5 low platinum loading electrodes
the electrochemical cell stack is to be (0.5 mq/cm of Pt). Current
greater than 40%, the cell potential under densities of 2 A/cm

2 
have been attained at a

rated load should be greater than 0.6V. In cell potential of 0.5 V using Nafion-
addition, high power densities are necessary impregnated electrodes prepared with supported
for several applications; one example is the platinum electrocatalysts (3). The slope of
transportation application in which a high linear region in the cell p~tential-current
power density is required during cruising of density plots is 0.1 ohm cm for the most
the vehicle, and two to three times the rated advanced SPE fuel cell systems.
power is necessary for start-up and
acceleration. Space and military applications Solid Oxide Fuel Cell Systems
also demand high power densities. The rationale for developing solid oxide fuel
Examination of cell potential-current density cell as high power density systems is the high
behavior of fuel cells shows that to attain projected efficiency for electricity
high power densities (i) the activation generation as compared with those of
overpotentials needs to be very low ( 300 mV phosphoric acid and molten carbonate fuel
at 1 A/cm

2
); (ii) the slope of linear region cells (4,5). The total efficiency for the

of 2such plots should be smaller than 0.1 ohm production of electrical energy from the
cm ; and (iii) mass transpot effects should be chemical energy of coal or natural gas using
negligible p to very high current densities, the fuel cell system combined with a gas
ray, 5 A/cm . In this context the phosphoric turbine operated with the waste heat is
acid and the molten carbonate fuel cells have projected to exceed 60%.
little chance to reach high power densities Rapid advance in this technology have been
mainly because of the high overpotential of made at Westinghouse Corparation (USA) and
the oxygen reduction reaction (- 0.45 V at 300 Argone National Laboratory (USA) during the
mA/cm ) in the first, and the very high slope past 5 years. Nickel is being used as the
in the linear region (0.8 ohm cm ), due to the anode electrocatalyst and strontium-doped
relative poor conductivety of the electrolyte, lanthanum manganite as the cathode one;
in the second. Only the alkaline, the solid yttria-stabilized zirconia is the electrolyte.
polymer electrolyte and the solid oxide fuel The cell potential vs current density relation
cell systems present the highest possibility is linear, indicating that kinetic effects are
of attaining hiqh Dower densities. Thus, this not significant in the SOFC. Although the
paper focusses on the present and needed slope is relatively high, current densities up
advances in these technologies, to 2.2 A/cm has been observed (4). Further

improvments are possible though reduction in
Alkaline Fuel Cell System the interfacial resistances within the cell.
The only fuel cell power plant in operation
at high power density is the one with alkaline Aknowledgements
electrolyte and H and 0 as reactant, E. A. Ticianelli is a Visiting Scientist at
manufactured by UAited Tichnology Corporation CESHR on leave of absence from Universidade de
(1) as an auxiliary power source for space Sao P; lo at Sao Carlos (IFQSC), Brazil.
vehicles. The electrodes are Teflon-bonded and
contain unsupported platinum (anode) and References
gold/platinum (cathode) electrocatalysts. The 1. D.Watkins, D.Kircks, D.Fpp and A.Harkness,
electrochemical cell uses an extremelly thin Proceedings of the 32nd Annual Power Sources
(50#m) electrolyte matrix made with potassium Conference , The Electrochemical Society,
titanate in which KOH 35% is immobilized. The Inc., Pennington, NJ, (o986), p.590. \iso
cell potential vs current density plot shows personal communication with D. Watkins (1987).
that extremely high current densities are 2. S.Srinivasan, J. Electrochem. Soc. ,
achieved in the predominantly a~tivation- Review submitted for publication (1988).
controlled region (about I A/cm at 0.9 V), 3. E.A.Ticianelli, C.R.Derouin and
and the slope of the linear region is only S.Srinivasan, J. Electroanal. Chem., in
0.05 ohm cm . This low value of the slope and press.
the negligible effect of mass transport are 4. D.C.Fee et al., Fuel Cell Seminar Abs-
the main reasons for attaining high current tracts , courtesy Asnociates, Inc. Washington
densities (up to 10 A/cm ) at a moderate cell D ( p y40spotetial(0.5V).DC, (1986) p.40.
potential (0.5 V). 5. W.J.Dollard and J.T.Brown, Fuel Cell

Seminar Abstracts I Courtesy Associates, Inc.,
SPE Fuel Cell Systems Washington DC, (1986) p.28.
A strong competitor for the alkaline fuel

cell system is possibly the advanced solid
polymer electrolyte fuel cell. Recent resultq
from Siemens (Germany), Ballard Technologies



EFFECTS OF LOW LEVELS OF CO ON THE REFERENCES
PERFORMANCE OF PEN FURL CELLS 1. E. A. Ticianelli, C. R. Derouin, A. Redondo, and

S. Srinivasan, Electrode Materials and Processes
M. 7. Paffett. J. Pafford, and S. Gottesfeld for Energy Conversion and Storage, 87-12, S.

Srinivasan, S. Wagner. and H. Wroblowa, Eds.,
Los Alamos National Laboratory, MS D429 (The Electrochemical Society, Inc., Princeton,

Los Alamos, NM 87545 NJ, 1987) p. 166.

CO severely poisons fuel cells operating at low

temperatures. For proton exchange- membrane (PEN) fuel ----0 -
cello. which operate at temperatures of OOC or
below, the presence of low levels of CO in tle anode 200

feed could mean significant losses in cell perform-
,.0.41

ance. PEN fuel cells to be employed for potential ' 400 '005 0.15 0...25/.0-35

terrestrial transportation applications and modes of .
extraterrestrial application are expected to use Z 600

hydrogen that contains low levels of CO.

We describe first a detailed evaluation of the ' 800 - -

pefomaceofPE fuel cells employing ga-diffusion PI -- M COND O4
electrodes of lo Pt loadings (0.4 mfg/cm

2
), in the 1000 - ---- t,0.tMH

2
SO

40 25 C
presence of CO levels ranging from 10-1000 ppm. The 2
performance of such cells on "clean

°
" H2/02, or on H

2
/ 1200

air, has recently been described in detail.
1  

The G GAS COMPOSITION:

effects of the following parameters have been inves- 102 492. Ar, 0.5%CO
tigated for each CO level in the anode feed: cell 0 1 2 3 4 5
temperature, hydrogen and oxygen (or air) pressure, TIME (minutes)
mode and degre, of humidification, and the nature and

thickness of the ionomeric membrane. Attention was

paid to effects both at the anode and at the cathode. Fig. I Oxygen reduction reaction at 25°C as a func-

The latter is important because of possible penetra tion of time at constant potential for a Pt

tion of CO through the membrane reaching the cathode RDE. Experimental conditions were: rotation

catalyst sites. In another part of this discussion, rate, 2500 rpm; gas flow, 400 scem; gas
we describe results of single cell testing obtained composition, 0.502 + 0.495 Ar + 0.005 CO;

with binary alloys that have been considered in the and potentials reported versus a reversible

past as anode catalysts with better "CO tolerance" hydrogen electrode. At t 0 0, the Pt RDE was

than Pt. stepped from a potential of 1.2 V (complete

The results of the PEE single cell testing are removal of CO from the surface) to the

complemented by results of experiments with rotating potential of measurement.

Pt disk electrodes, performed at temperatures ranging
between 25"C 75SC in dilute sulfuric acid solutions.

Such experiments have elucidated key factors in both

the transient and steady- state response of a Pt cata- .
lst surface that is operating is eithe a hydrogen .0.45 ... 35

oxidation m~ode or an oxygen reduction mode in the pre 200 .015
sence of low levels of CO. Data obtained at a Pt ROE '/

for the oxygen reduction reaction (o.r.r.) in the pre- 400 -

sence of low levels of CO are shown in Figs. I and 2. .

At low temperature (25°0), the decay rate of the z 000 - 55
o.-r due to CO poisoning becomes progressively slow
er as the anodic potential is gradually increased 800' .05 CONITION

(Fig 1). At V > 0.65 V. CO is anodically r-moved P
from the Pt RDE surface, thereby allowing the ore. 5 VO000 74 C

current to be sustained.
A more complex and inte.est.rng behavior is 1200 GASOMrOSobIN

observed for the o.r.r. at a Pt RDE at 7', As shown s0'O2.0rtt5,CO

in Fig 2, the decay rate of tie o.r.r. d-l to CO

poisoning is greatest between 0.35 V and 0.55 V. At : -2 .-. . .

potentials more positive than 0.55 V, CO is aga n

anodLally removed, as expected. However, CO less TIME (mnuet

strongly blocks at V < 0.3 V, as evidenced by the
slower decay of the or.r, current in the most catho

dir potential regime and by the ability to sustain Fig. 2. Same parameters as Fig. 1. except T 750c.

steady state o.r.r. currents (Fig. 2). These ROE
results sugest that, within the Pt H regimn. less CO

is strongly adsorbed at the Pt surface at T > 75C.

With less CO at the Pt surface in the adsorbed hydro
gen region, the oxygen molecule finds an effective

rolte for reduction. Surface chemical mechanisms

accounting for this complex interfacial behavior and

the implications of this effect on the operation of

PFA fuel cells at temperatures between 80*C lO0'C
will be discussed.
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Modification of the Structure REFERENCES
of Hydrogen Electrode Catalyst Particles

Bonded to Solid Polymer Electrolytes 1. Savinell, R. F., and S. D. Fritts, "Theoretical
Performance of a Hydrogen-Bromine Rechargeable SPE Fuel
Cell," Accepted by the Journal of Power Sources, July, 1987.

S. D. Fritts and R. F. Savinell
Case Western Reserve University 2. Fritts, S. D., and R. F. Savinell, Paper No. 162

Department of Chemical Engineering Presented at The Electrochemical Society Meeting, Honolulu,
Cleveland, Ohio 44106 Hawaii, Oct. 1987.

Catalyzed solid polymer electrolytes are used in 3. Newman, J., and W. Tiedemann, A.LCiE. Journal, 21,
hydrogen-halogen and PEM hydrogen-oxygen fuel cells. Only (1975), p. 25.
the hydrogen electrode Is bonded to the cation exchange
membrane in hydrogen-halogen fuel cells, while both the
hydrogen and oxygen electrodes are bonded to the membrane ACKNOWLEDGMENTS
in the PEM fuel cell. The purpose of this paper is to report
studies of effects of modifications of the structure of the This research is supported by NSF Grant
hydrogen electrode on cell performance. The specific system CBT-8696073, and the Energy Research Summer Fellowship
addressed here is the hydrogen-bromine fuel cell. of the Electrochemical Society.

A schematic of a hydrogen-bromine fuel cell is given in
Figure 1. An aquaous solution of hydrobromic acid and
bromine flo.vs by the carbon felt bromine electrode. In the
other half-cell compartment, during discharge, hydrogen gas
dissolves in the membrane and diffuses to the catalyst particles
which are embedded in the membrane. There, the hydrogen
electrochemically reacts to form protons. The protons
transport through the membrane to the bromine half cell.
Previous modelling work on a single hydrogen-bromine fuel
cell indicated that the transport properties of the membrane
are the most influential factors in controlling cell performance
[1, so further efforts have been undertaken to study the
membrane transport properties more closely 121.

The catalyst particles embedded in the membrane were
modelled using macro-homogeneous porous electrode theoryk'ii The dimensionless model equations are given in Table 1.
Th model takes into account the migration and diffusion of
protons through the membrane, and the diffusion of dissolved
ydrogen through the catalyst region.

For the modelling effort, the catalytic region is assumed
to consist of spherical platinum particles that are dispersed in
an lonomer membrane structure, (e.g. Nation). The thickness
of the catalyst zone is a few microns thick. The electrode
structure has a significant effect on the performance of the
membrane electrode assembly. When the catalyst particles are
densely packed, the performance of the electrode is limited by
mass transfer of the hydrogen las to the catalyst sites. This is
due to the restricted area for diffusion and limited hydrogen
solubility. However, if the catalyst particles are loosely
packed, the reaction becomes kinetically limited.

The model assumes that there is only platinum and
ionomer in the catalyst zone, (i.e. no binder was present).
Figure 2 shows the calculated membrane performance for
several catalyst zone thicknesses and different platinum
loadings. Here the electrode structure is constant throughout
the catalyst zone. The optimum performance for each
platinum loading occurs when the ionomer and platinum
composition ate about 50 volume percent.

One method of preparing the membrane electrode
assembly is to hot press the platinum and ionomer mixture
onto an ionomer film. This would cause the electrode structure
to be non-uniform, with particles that are deeper in tie
membrane being less densely packed. Parametric studies on
performance with constant and non-uniform catalyst
distributions will be discussed. The effect of placing the
catalyst such that the particles are less densely packed at the
gas/membrane interface, then becoming more densely packed
eeper in the membrane Is treated as well as the onowqite

situation.

Further results of theoretical studies of electrode
structure modifications will be presented, as well as somne
experimental work to support this modelling effort.
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EFFECT OF PLATINUM CATALYST DISTRIBUTION average sizes of the platinum crystallites were found
ON THE PERFORMANCE OF SOLID POLYMER ELECTROLYTE to be 22 A, 29 A. and 37 A for the 10- 20-, and

FUEL CELLS 40-wt% Pt/C catalysts, respectively. An analysis of

the carbon particles with the sputtered platinum shows
E. A. Ticianelli*, J. G. Beery, and S. Srinivasan that the catalyst was deposited as fine particles with

diameters ranging from 30 A to a few hundred A. There
Los Alamos National Laboratory, MS D429 were some platinum particles that wcre either dis-

Los Alamos, NM 87545 persed or agglomerated.

RBS Analysis
INTRODUCTION The porous gas diffusion electrodes were also

One of the principal objectives of the Los Alamos submitted to RBS analysis. A typical result is pre-

fuel cell program is to develop high-power-density, sented in Fig. 2 for the 20-wt% Pt/C electrode in

solid-polymer-electrolyte fuel cell systems with elec which the sputtered layer of Pt was applied. It is
trodes containing a platinum loading of one tenth r apparent from the figure that the sputtered Pt is
less than that in state-of-the-art fuel cells. The localized within a thickness of -500 A on the
essence of the approach used to attain this goal is front surface of the electrode.***
to impregnate a proton conductor (':aflon)** into a Correlation With the Electrochemical Results
porous electrode

1 
containing only 0.4 mg/cm

2 
of Electrochemical experiments show that the sput-

Pt and then to bond two o, these electrodes to the tering technique for the standard electrode (10-wt%

proton conducting membrane. By using the standard Pt/C) significantly enhances the power density (by
10-wt% Pt/C .s diffusion electrodes for preparing 100-150% at lA/cm

2
). There was additional improve-

these membrane and electrode assemblies, a high power ment in performance of the cells with 20- and 40-wt%
density (-0.3 W/cm

2
)
2 

is attained. However, to Pt/C as compared with the 1O-wt% Pt/C. The sputtering
Lurther increase the power densities, it was necessary of Pt on the 20-wt% Pt/C gave rise to the highest
to modify the electrode structure. This was achieved power density in the fuel cell. These electrochemical
by using electrodes with a thinner electrocatalyst results correlate well with the morphological data
layer and by depositing a thin platinum film on the obtained in SEK, TEN, and RES analysis.

front surface.
3  

ACKNOWLEDGENTS
The morphologic characterization of these elec- C. R. Deroujn provided valuable assistance in

trodes, using Scanning Electron Microscopy (SEM), obtaining the electrochemical results. C.
Transmission Electron Microscopy (TEM). and Rutherford Mombourquette sputtered the platinum films and S.

Backscattering Spectrometry (RBS). carried out during Gottesfeld provided technical collaboration.
the development of these electrodes is presented in REFERENCES
this paper. We also explain how the performance of 1. I. D. Raistrick, Proceedinxs for the Symposium
SPE fuel cells with low-platinum-loading electrodes on Diaphragms. Separators, and Ion-Exchange
is dependent on their morphologic characteristics. Membranes, 86-13, J. W. Van Zee, R. E. White, K.
EXPERIMENTAL Kinoshita. and H. S. Burney. Eds.. (The Electro-

Platinum-on-carbon electrocatalysts containing chemical Chemical Society, Inc., Princeton, NJ,

10-, 20-, and 40-wt% Pt/C were custom-made by 1986), p. 172.
Prototech, Inc. Such powders were used by Prototech 2. E. A. Ticianelli, C. R. Derouin. A. Redondo, and
for preparation of low-catalyst-loading gas diffusion S. Srinivasan, J. Electrochem. Soc., in press
electrodes with thinner electrocatalyst layers. To 3. E. A. Ticianelli, C. R. Derouin, and S.
concentrate the catalyst near the front surface, a Srinivasan. J. Anal. Soc.. in press.
thin layer of platinum (corresponding to a thickness

of 500 A on a smooth surface or to 0.05 mg/cm
2 

on
the electrode) was sputtered on the catalyst layer of
the electrodes. ***For comparison, we have also included the RBS pro-

RESULTS AND DISCUSSION file of a 20-wt% Pt/C with no sputtered layer.
SEN Analysis

Although some micrographs of the top of the cata-

lyst layer of the electro-.s were obtained, the SEM 40 I I
was also used to examine cross sections of the mem-
brane and electrode assemblies. It was observed that
such a small amount of sputtered Pt did not introduce 30

any visible change to the micro-structure of the elec- a
trode at the resolution of the 1dM. Within the sensi-
tivity of the SEN analysis, the sputtered Pt seems to

be completely dispersed over the high surface area of W 20
the carbon support.

TEN Analysis
Transmission electron microscopy was used to 10

examine the supported platinum on carbon electrocata-

lysts and fragments of the catalyst layers from the
electrodes. The TEN pictures of the Pt/C electrocata- 0 .
lysts were further analyzed to determine the distribu- 0 10 20 30 40 50 SO 70

tion of the platinum particle sizes. An example of PARTICLE SIZE (A)
the results of the analysis for the 20-wt% Pt/C is
presented in the bar charts in Fig. 1. The

Fig. 1. Particle size distribution in the 20-wt%

Pt/C catalyst powder. Particles were assumed

to be spherical. The sizes correspond to the

*Currently on leave from University of Sao Paulo, Sao average diameters.
Carlos, Brazil.
**afrion is a registered trademark of the Dupont

Company.
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SIMULATION OF OXYGEN ELECTRODE REACTIONS enhancement of the current density,
IN NIOLTEN CARBONATE FUEL CELLS. particularly in the Tafel region, at hinter

rates o1 the auto-catalytic reaction-,.
enhancement in the current be, alt% e-nat
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spectra levelled off when the potential was increased

NNIFTIRS Study at Polycrystalline Ft and Au to 1.3 V vs NHE and greater. It is interesting to note

Surfaces in Aqueous Nafion Solution that 1.3 V is roughly the potential for the onset of

oxide formation on Au, whereas 0.9 V is just after the

M. Razaq, D. Chu, D. Gervasio and E. B. Yeager onset of oxide formation on Pt in acid media.

Case Center for Electrochemical Sciences and the With p-polarized radiation reflected from the

Chemistry Department, Case Western Reserve University, electrode, the observed changes in the intensity of

Cleveland, Ohio 44106 absorption bands with changing potential indicate that

the absorption bands predominately correspond to the

Introduction species at the electrode/electrolyte interface. This
was further supported by another evidence, namely that

Although there is continued interest in chemically when the concentration of Nafion was lowered from 3.6

modified electrodes with a surface film of a perfluor- to 1.8 wt%, the intensity of Nafion absorption bands at

inated sulfonic acid ionomers (PFSI), like Nafion a given potential reduced only by a factor of about

(DuPont) [I], little direct information is available 0.8. The non-linear response to bulk concentration is

concerning the orientation and interaction of such as expected for surface phenomena involving an adsorp-

ionomers with electrode surfaces, particularly as a tion isotherm. For a small optical absorption, a linear

function of applied potential. The surface normalized response to bulk concentration, on the other hand,

interfacial Fourier transform infrared spectroscopic would be expected for the absorption of radiation by

(SNIFTIRS) technique 123 has been used in the present species in the bulk solution. A strong interaction of

research to study the interaction between a metal (Pt, anions (e.g., found with HS04) with metal surfaces

Au) electrode surface at different potentials with leads to changes in the intensity as well as the posi-

Nafion in aqueous solution with and without the tion of the absorption bands 15). No changes in the

presence of a weakly adsorbing anion, perchlorate. positions of the Nafion absorption bands were found
implying Nafion is v relatively weakly adsorbing elec-

Experimental trolyte, and/or only a small part of the polymer mole-
cule is in contact with the surface with the remainder

Aqueous Nafion solution was prepared as described extending into solution.

previously [3]. The spectroelectrochemical cell used
for obtaining SNIFTIRS data was similar to that used by It is possible that at more positive potentials

Bewick et al. [2]. Spectral measurements were made with the Naflon goes to the electrode simply to compensate

an IBM Instruments IR-98AF Fourier transform infrared charge resulting in the observed potential dependence

spectrometer with a liquid N2 cooled mercury cadmium of the intensity of the spectra. This is somewhat borne

telluride detector. The spectral resolution was 2 cm
"1
. out by the surface spectra of the Pt and Au in aqueous

The difference spectra were obtained by co-adding 1000 1.8 wt% Nafion solution containing ten-fold excess of

scans at a reference potential (0.05 V vs NHE) and perchloric acid (Baker Ultrex grade reagent) shown in

subtracting these from 1000 scans co-added at a poten- Figure 3. With no added perchlorate, the spectra for

tial of interest. The potential of the electrode was the electrode surface in 1.8 wt% aqueous Nafion solu-

switched between the reference potential and the poten- tion were found to be virtually the same as those for

tial of interest every 20 interferometer scans. The the electrode in the 3.6 wt% aqueous Nafion solution as

angle of incidence of both the p- or s-polarized radia- shown in Figs. I and 2, except that the intensity of

tion with the electrode surface was 650. The spectro- the absorption bands found with 1.8 wt% Nafion in

electrochemical cell was fitted with a zinc selenide solution were 0.8 times the intensity found with 3.6

window. wt% Nafion in solution, as mentioned above. Upon the
addition of a ten-fold excess of perchloric acid to the

Results and Discussion 1.8 wtt Nft on solution, however, the intensity of the
strong Nafion absorption bands between 1350 to 1100

Figure 1 shows the potential difference vibration- cm
1I 

diminished over three-fold on Pt and Au, and a

al spectra using p-polarized radiation reflected from a strong absorption band centered about 1100 cm
-1
, which

Pt electrode in aqueous 3.6 wt% Nafion solution at a is characteristic of C104 '. appeared. This apparently

series of potentials. The reference potential in each indicates that both electrolytes compete for the elec-

case was 0.05 V vs NNE. The absorption spectrum charac- trode surface.

teristic of Nafion (43 appeared weakly at 0.5 V and
became more intense as the potential was made more Conclusion

positive. This suggests that the concentration of the

Nafion at and near the Pt surface was increasing with The similarity between the relative peak

increasing positive potential. For potentials more intensities in the bulk transmission spectrum and the

positive than 0.9 V, however, there was no significant SNIFTIRS spectra with both Pt and Au surfaces suggests

increase in the intensity of the spectral bands that there is a random orientation of Nafion at the

suggesting a constant coverage of the electrode by electrode/electrolyte interface. Nafion apparently

Nafion in this potential range. The order, in which the adsorbs on the metal electrode surfaces. The positions

potentials of interest were applied, did not show any of the absorption hands do not change significantly.

effect on the absorption spectra. The relative intensi- even at very positive applied potentials, indicating

ties and the positions of the absorption bands did not the infrared spectra do not give evidence for a strong

change with potential and are similar to those for the interaction of the Nafion with the electrode surfaces.

bulk transmission spectrum of Nafion. This suggests
that there is no preferred orientation of the polar or Acknowledgement

nonpolar moieties of Nafion relative to the surface.
The authors acknowledge support of this research

Figure 2 shows the SNIFTIRS spectra for p-polar- by the Gas Research Institute, Office of Naval

ized radiation reflected from a Au electrode at a Research. the National Institute of Health and the

series of potentials in the same Nafion solution used State of Ohio Edison Center Program.

for the experiments with Pt as described above. A

similar trend was found with Au as was found for Pt.

For Au. however, the increase in Intensity of the

69
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ION AND SOLVENT TRANSPORT In this electronetrality expression, the fixed-charge sites are
IN ION-EXCHANGE MEMBRANES denoted with a subscript m.

I. A MACHOM)MGENEtOUS MATHtEMATICAL MODEL Electric potential and pressure gradients generate conver

Mark W. Verbrugge tion within the pores 'If the ion-chiange nsemhrane. We use
Physical Chemistry Department a modified version of Schl~gl's equation of totionilS

' 1 
so that

Robert F. Hill specific adsorption of coios antd counterions can Ie treated.

Analytical Chemistry Department k.
General Motors Research Laboratories v -(re, t .rc.a.)FV: - VPj (7)

Warren, Michigan 48090-9055

The quantity P represents the combined effect of static pres-

Although the fundamental principles underlying the te- sure and gravitational forces.

haior of ion-exclange membranes is not entirely understood, The equation of mass continuity for incompressible fluid

these materials have found use in many recent technologies, flow can be applied to Eq. 7, with the result
In this work, we provide a theoretical description of transport 0 o (zc, + Zcd.)FV - VP (8)
oceuring in perfluorosulfonic-acid membranes-the model we
develop, however, is general and could be used t,, explain trans-
port in most all synthetic and biological membranes. Unlike Equations 2, 3, 4, 5, 7, and 8 represent 4 + 21 equations
other macrohomogeneous membrane models, no restrictive as and are balanced by the 4 + 21 variables: c,, I, s, 1,- , C,

sumptions are employed in our solution to the equations de- and P. Electroneutrality, Eq. 6, is used to remove one of the i
scribing ion and solvent transport, the adsorption if eions material-balance equations. The variable r is used to represent
and counterioas are treated, and all of the transport parame- the distance coordinate: x ranges from 0 at reservoir I to L at
ters are easily related to tahulated, physicochemical data. A reservoir II, n is indicated in the following schematic.
schematic illustration of the membrane-pore system is shown
in Fig. 1. Sulfonate groups constitute the fixed-charge sites
(- S0j ); the counterion species are protons, and iisulfate ions Reservoir I Membrane I Reservoir II
are the comns.

For the characterization of ion transport in polymeric sys. Initial and boundary conditions are
terns, we start with the Nernst-Planck equation with velocity

F c,(f,) = r (9)
N, = - A--DV'8 DVe, v e (I) c(I,0) Kre (10)

c,(t,L) = Krc!
t  

(11)
(A hold font implies a veetr quantit,) In rriting the above

eqitation, we have employed the Nernst- Ei ostein relationship k(0) = 0 (12)

fir systems diite in the transporting itn . This allows fir the P(0) P, (13)

elitinatin ,,f the itn mobility u, as an independent parameter P(L) Pi1 (14)
( l.., , D,/(RT)). In Eq. 1, the flns of an in N, is related
ts, grudbents a Iotential, '.ce.. trution, ard noentutts, r- The material balance for reservoir I, which is well mixed,

soiting in migratioi, diffusioin, and convection, respectiv-ly. A is N -A ,I
rsaterial-balsn eqntioin and the Nrnat-Plunck equati,o ,ins -j--- -a-j---- (IN)
he combined to yield

where the concentration variable I and flux variable N without
Oe, F subscripts refer to binary electrolyte quantities (sulftric acid.t (el e, V I D,V 7 e, (2) in this work). Equation 15 would also be written for any addi

Since the flow of charge is related to the current density i tionl binary electrolytes present in the system. The subscript

in solution, we can write for the electric potential 2 refers to coiou quantities The initial condition for Eq. 15 is

V 4, - - F -' (1)v a , I , A sisilar material-balanceerstion can be written for tie acid

The conductivity I, is position dependent as it is related to the concentration in reservoir II.

concentration of charge carriers An example of the model results from a situatioin to which
no current is passed between the two reservoirs; a 1 .0Oi sulfuric

", (4) acid solution exists on one side of the membrane, and a O.1hlRT solution on the other side. The dimensionless acid concentra

tion within the membrane is shown in Fig. 2.
In many membrane systems, the counterions specifically It stmmary, a saceomngeneoas mathematical sodel fur

adsorb to the fixed-charge sites. We represent such adsorption the simulation of ion and solvent transport within an ion-
processes with a Langmuir expression exchange membrane is presented. Transport by diffusion, mi-

, e.ad. (5) gration, and convection are treated. The physicochemical pa
r. ,rameters used in this analysis are experimentally easy to ob

tain. In an accompanying paper, we present an experimental
where the suhscript en refers to the memtrane fixed-charge investigation utilizing this model for characterization purposes.
site. The concentrations of fixed-charge sites, colons, mobile
rounterions, and adsorbed counterinns adjust so that any small
volume element of membrane (corresponding to our differential
element) is electreically neutral REFERENCES

cc, mze, - , z 0 (6) 1. R. Schhigl, Z. phyatk. Chew. (Frankjtst), 3(195573

2. B. Schhigl, Bee Bansenges. Ph.stk Ch-ss, 70(1966)400.
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LIST OF SYMBOLS

A membrane superficial area, cm'
c concentration, mol/cm

3

. diffusion coefficient, cm/s
F Faraday's constant, 96487 C/equivalent
i current density, A/em'
I ......nt, A // / /

ks permeability, cm, X HYD.OPHOBIC MEMBRANE REGION
/

K partition coefficient
L membrane thickness, cm
a number of electrons per reaction
N ion flux, mol/cm2.s COON
P pressure, N/iM

2

R gas constant, 8.314 J/mo.K
stoichiometric coefficient for species in reaction ©

t time, s AIUEOUS PORE
T temperature, K0

v velocity, cm/s C07UNTERI N
V volume, cm

3

z charge number
a Langmuir adsorption parameter (Eq. 5), c,3/WI T

P pore-fluid viscosity, g/cm.s

t stoichiometric coefficient

I' electrical ts,,tential, V

Figure 1. Schematic illustration of a pore within an ion-exchange
membrane. 0 refers to the fixed-charge sites (SOQ); refers

to the coions (HSO); and o refers to the counterions (Hi ).
The fixed charge sites, coions, and counterions are hvdrated

species.

0.5 o*5.2 0.7 5.A o. 0 o .. 5 . .

Figure 2. Memtlbrane arid concentration (c/lr'
t

) profiles as a

function of position (x/L) and time (tD/LI).



Abstract Nto. 61

ION AND SOLVENT TRANSPORT The first set of experiments about which we report concerns
IN ION-EXCHANGE MEMBRANES the acquisition of the bisulfate-jon diffusion coefficient- Thle

11. A RADIOTRAGER STUDY OF THE reservoirs depicted in Fig. 1 were filled with identical concen-
SULFURIC-ACID, NAFION-117 SYSTEM trations of sulfuric acid. Then a small amount of H2

3 t
So. wess

MarkW. Vrlinggeaddedl to the Isot reservoir at time zero. (The concen tration of

Phsiark Chmitr earug en radiotracer species was always at least six orders of tmagnitude
PhyscalCheistr Deartentless than that of the reservoir concentrations oif sulfuric acid.)

Robert F. Hill Data are shiown in Fig. 2. The diffusion crieffilients D.
Analytical Chemistry Department are shown in Fig. 3. Note that when the partition coefficient

General Motors Research Laboratories (obtalned in a separate expteriment) is taken into account. the
Warren, Michigan 48090-9055 resulting diffusion coefficient of the H"'SO~ ion is virtuall '

constant esven though the acid coi cent ration varies fro nt 0J.(03
In ant accompanying Part I of this paper, the authors de- tio LOM.

veloped a mathematical model for the simuilation of ion and It is apparent from tile conistant value of the diffusioni ref
solveint transport through ion-exchanige membranes. In this ficieni bielow a t.01M H2S0, ctncentratiiin that diluite-soliitiiin
paper, we describe radiotracer techniques that rail lie used in equations can be used ti describe the coion transpirt within
conjunction with the model to obtain the proton and bisulfate- tile poires oif the membrane. Using a Bruggeman-tvpe rela.
ion diffusion coefficients within a Nafion 117' membrane sepa- tiouship, we catn relate the membrane poirrosity 0 (01.27 fir this
rating two aqueous sulfuric acid reservoirs. system) still the diffusion coefficient if the bisulfate i)n in free

There has been a number of recent experimental studies of siiluioin at infinite dilution D , which is 1.33 - lt5 in
1

inn and solvent transport in perfluociistlfontic acid niembraiies.
Most of these works hate dealt with systems of interest to the D. D~,'O '(I

chlirii-alcali industry, since this is the largest industry in which
perfiuiorosiilfontic acid membranes can be utilized to present an Usinig 1.43 , 10 " ciii s fir D., ,ce ibill i. value,, 4 1 for B

immediate economnic advantage as older production facilities This is v-ery close to) thle 1.5 valiiciiltaineid liv letiggentan fir

are replaced. Radiotracer techniques are well sitted for (le diffusion thriiughi cliise-1packedl spheres

study of transport within iiin-conducting membranes because No 5ptrial Stelic toe bad to lie intriiuiced t, explain tie,

of the extremle accuracy mtid precision assiiciated with theni transpoirt iif the iisiilfstc iiin over this broiai range if I uccol

arid the non-invasive (with regard to the membrane -elect rolyte, tratlills.

systeml) nature cif thle radiiiisotop1 es. .Acuiinger usin praotioi racerio tcioeffi asentcijiiii rin (list

The miost valuable ciintribution resulting friimi the aiqui. theombishaed uin Huir ie aeciqu~ esel lis acq iisilfac

simio (if ion diffusion cioefficients is an eluciidaion if menl- thelisuprit, iii. seat,e aiiomis hene prisetil soul, fi

brane pore structures that could give rise to the determineil os rts n wtrmlclshne rtuiaoif,

values iuf the diffusiiin coefficients. A large amout oif liters- examleC wiiildl partition theomelv-es anliing these spuecies a,

tiire is deviited to, structure studies of perfluorosilfonic acid wtell.
membranes. A popular concept used to explaln transpo~rt in Instead iof usinig a bruldrogen isi iitie ti a-ert ill tile rate

these membranes, often termed the cluster-network model, is o rtntasot ehv aeue(ftedfuii oel

that narrow (2olO-A) pores connect larger pores of sz60 A tial that exusts within an iou-exchange nirtillrane if the ciwiui

in diameter, and that the narrow pores dominate the iiln and an oiru netersdifsie coeffiie are iiffirintefinI thi rleil

solvent transport characteristics. While 60-A dimensions are triin ether htsieroir was fillraed intalle wit diffrn i

easily seen with light-scattering techniques, as demonstrated nc aiil, ailThe iilt risersiir ws filii ial il 'ov wites 1.0\ sut

in a number of structure studies, the puirported i Iaid Si til cor'ld ripas intiitia lit erid ttirili riiil ieto
conceit if the narrow cnnecting pres has nut beeni verified. 0c1i1iiinc no cur n te icas ae dfua tesui exeiimen azo t ii

The slow rate of coion transport, relative toi rounteriiin trans-. oo n oneincagsar feulmgiue(Iai
port witin aflo isattrbute tothe lecrosttic reulsin f1. respectively). sit electric-piitenttial (urifile is f~lti sun tha

porres b-twen Naeonis attibtd te tiehe groutcrptsin ihe coirins stir citrionsi ll tranispirt at (lie samle rate -Diffii

fr~res btwee theecltinsatidthe ixedchage giulis inthesituan migratioin act ii itiltisite idirectioits for the, eouiteirii,i
10-A-pore regints. ptn udiltl tnvircinftieco Rbiet,Tii determine the transport rates of bilsulfate io~ns and tir.- thprot u) atii ion tile difsio n cairetii fosr ied einilie llat sri, i
tonas through Nafion- 117 membranes, radiuotracer techntiqutes (lie 'SO lustla trelf ilas'ce iltecriiiu-eservo(i las set al',were develioped because of their high sensitivity ail selectivity. porft5 (~istacrstieneriaei i i t r ate aesvilirth util tal
A cell was designed and constructed that utilized twon rrsiervltirs Tignii
rif equal volume sii that each reservoir crldi containt at least 50I A1poti it c tthprlncid ocnrto ttt odr ~ ,,
mil, of electroilyte (Fig. 1). This viluime was selectedl to enisure tallied friont te "S5 rarliotracer rdata, is shiown iil Fig. 4I Thb

that up to oI. mL aliqutis iif electrolyte ciulil lie remotlvedi idei leveloe ulitini Part I is iusedI i io otit 11liel il -1l e lo
from tlie reservires during thle experiment for analysis with- Fg
oilt apipreciabily affecting the cell transport characteristics tit F.4
the coincentratiron if species in the reservoirs. Fifty-nmicriiliter
aliqits (if electrolyte were withdrawn front the cuold reservoir
i.e., thle resiervilir not initially taggedl with "

t
S) at five itervals

sptaced over the iduration of the experiment.

tiu.ua...ed trademark fs E I dutponlt de Neusiars taul 0-it1-y
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Membrane
Figure 3. Acid partition coefficient K. coion diffusiin c-effi

Figure 1. Schematic illustration of the radiotracer cell. cient Di,,. and their product KD,,,s  versus the reservr
sulfuric acid concentration.

/
R0 / Ail

S /1 0 03M ,2

/~ 9' ' -a"

Wi/ s&Ccrcs' TAF ?FCV

Figure 2. Radiotracer concentration in the cold reservoir, rel Figure 4. Results frui the cincentratiin cell experiment The

ntive to that in the hot side, versus time. The sulfuric acid cold reservoir acid concentration is plitted against time. The

concentrations are listed for each curve. The symbols denote symbol * denotes experinlental dAta, and the solid line results

experiumental data, and the solid lines represent simulations from the todel with a pritoin diffuisiin ciefficietit of 3 n li0

using hisulfate ion diffusion ciiefficients yielding tlie best fit. cnii:/s.



Abstract No. 62

A DYNAMIC MODEL OF POROUS GAS DIFFUSION ELECTRODES RESULTS

The mathematical model corresponding to Fig. I
1. D. Raistrick and T. K. Springer is shown in Fig. 2. The small-signal imwedance of a

differential element of the pore wall has been calcu-

Los Alamos National Laboratory lated for the complete ease of the thin film in series
Los Alamos, NM 87545 with the agglo-rate using the LaPlace transformed

time-dependent diffusion equations. Tafel kinetics

INTRODUCTION were assumed to operate at the surface of the catalyst

Although significant attention has been given to particles. Out-of-phase or dynamic response is caused
steady-state modeling of porous gas diffusion elec- by the delayed shift in the concentration profile
trodes for fuel cell applications, little development following a shift in overpotential. An approximate
of dynamic models has taken place. This is partly due equivalent circuit has been derived for this element.

to the complex nature of the systems, in which the which consists of a finite-length diffusional compo-

current distribution is a function of both DC poten- nent due to the thin film, coupled with a simple sub-
tial and time (or frequency). The advantage of a circuit of two resistances and a capacitance that

dynamic model, however, is that the information con- represent the agglomerate. The dependence of the mag-

tent is very high, due to the out-of-phase or charge- nitudes of the circuit elements on the thin-film and
storage components of the response. This allows the agglomerate parameters, as well as on the independent

different contributions to the electrode polarization variables of potential and concentration, h- been
(ohmic, mass transport, and charge-transfer kinetics) derived. The complete electrode impedance s then

to be separated by their characteristic time con- calculated by distributing the film/agglomerate impe-
stants. In addition, a dynamic model allows the per- dance along the length of the pore, in parallel with

formance of the fuel cell to be evaluated under pulsed a distributed double-layer capacitance. In general.
operating conditions. The general scheme adopted in the model predicts three 'time constants' in the elec-

this work may be outlined as follows; trical response. The first of these is associated

1. An appropriate physical model of the elec- with distributed double-layer charging, the second
trode is defined, with the agglomerate storage/dissipation processes,

2. The corresponding mathematical model is then and the third with the thin-film finite-length diffu-
developed. sion processes.

3. The DC or steady-state behavior is calculated The predictions of the model have been comparee

from the model, with the impedance of ionomer-impregnated supported-
4. A small-signal time-dependent perturbation catalyst gas diffusion electrodes, used in solid poly-

analysis is carried out around a s
t
eady-state mer electrolyte fuel cells.

4 , 5 
The data were fitted

point, to the model for a variety of conditions (temperature,
5. The impedance may be compared with frequency- pressure, and electrode pocential), and the quality

or time-do-.an measurements, and parameters of the models was assessed. Possible improvement- to
may be adjusted by a nonlinear least-squared the models, such as introduction of a distribution of

error fitting routine, characteristic sizes, have been considered and will
DESCRIPTION OF THE MODELS be discussed.

The class of models examined so far may be ACKNOWLEDGMENTS

described as generalized transmission line models. This work was sponsored by the Department of

Early work in this area is reviewed by de Levie.
1  

Energy Office of Energy Storage and Distribution.
The double-layer charging and the Faradaic processes REFERENCES
(including diffusion) are supposed to be distributed 1. R. de Levie in Advances in Electrochemistry and
over a finite depth of reaction zone, and hence, over Electrochemical Engineering. P. Delahay and C.

a finite pore resistance. This approach is appropri- T. Tobias, Rds. (Interscience, New Ycrk 1967) h,
ate if the electrode structure is uniform, i.e., the p. 329.
geometry of the processes is independent of the depth 2. T. E. Springer and S. D. Raistrick, "Analysis and

of current penetration, It is not appropriate if, for Interpretation of AC Impedance Data for Porous

example, the electrode contains a continuous distribu- Electrodes," Proc. of Electrochemical Societ
tion of pore sizes, as is found in a fractal model. Symposium on Electrode Materials and Processes
Some results have previously been reported for a thin- for Energy Conversion, 87-12, 152-165 (1987).

film model.
2 

During that work, it was found that, 3. J. Giner and C. Hunter, J. Electrochem. Soc. 116.
although 'thin-film' mass transport limitations are 1124 (1969).
present at high current densities, the model inade- 4. I. D. Raistrick, "Modified Gas Diffusion
quately described the experimental potential depend- Electrode for Proton Exchange Membrane Fuel
ence of the various contributions to the electrode Cells," Proceedings of the Electrochemical
impedance. The description of the e''ctrode has Society Symposium on Diaphragms, Separators, and
therefore been extended to include a .looled agglomer- Ion Exchange Membranes, 86-13, 172-178 (1986).
ate model,

3 
as well as the thin film. A schematic 5, S. Srinivasan, R. Ticianelli. C. Derouin, and A.

representation of the model is shown in Fig. 1. Here Redondo, "Advances in Solid Polymer Electrolyte
the catalyst particles are supposed to be uniformly Fuel Cell Technology with Low Platinum Loading

distributed in an agglomerate region, which is made Electrodes," J. of Power Sources, in press.

up of both electronic (carbon) and ionic (electrolyte)
components. The principal mode of gas transport is

in large hydrophobic channels. The gas diffuses into

the agglomerate through a thin film of electrolyte.

Within the agglomerate, the concentration profile of

the gas Is determined by the Paradaic rate constant,

diffusion coefficient, size of the agglomerate, and
the overpotential. In contrast to the thin-film

region. the concentration profiles are non-linear.
Potential variations due to the electrolyte resistance

in the agglomerate itself may be neglected, compared
with those caused by the (electrolyte) resistance

distributed through the thickness of the electrode.

14
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Abstract No. 63

BROMINE TRANSPORT IN ZINC BROMINE BATTERY SEPARATORS

James McBreen
De..rtment of Applied Science
Brookhaven National Laboratory

Upton, New York 11973

INTRODUCTION

The zinc-bromine battery is attractive for load

leveling applications (). Here overall AC/AC effi-
ciency is very important. Combined power conditioning
and battery pumping losses are in the virinity of
i0. So a high electrochemical efficiency is desir-
able. Major reductions in cell resistance are

unlikely. Therefore, further improvements have to be
in coulombic efficiency. Coulombic efficiency is
largely determined by the transport of bromine species

through the separator during cell operation and

standby. Other sources of losses are shunt currents.
The modes of transport through the separator are
diffusion, migration and convective flow. In modeling

zinc-bromine batteries certain assumptions have to he
made about the diffusivities of various bromine
species (2). The presence of bromine complexing
agents may also affect the ratio of the species
present. The present paper is about a simple method
for determination of the relative contributions of
diffusion and migration of bromine species through
separators.

EXPERIMENTAL

The cell used was a slightly modified version of
a cell described previously (3). Provisions were made

for passing current through the separator during the
bromine permeation measurements. Most measurements
were done on Daramic (W. R. Grace Co.) separators.
Measurements were made in several electrolytes.

Various combinations of bromine, zinc bromide and
quaternary ammonium comptexing agent were used to
simulate cells at various stages of charge.

RESULTS AND DISCUSSION

As expected, the relative combinations of migra-

tion and diffusion depended on whether the cell was in
charge or discharge mode. In IM ZnBr

2
, with 0.06M Br

2
on one side of the membrane, the permeation current
was 0.95 mA/cm

2 
. A 40 mA/cm

2 
charge decreases the

current to a 0.55 mA/cm
2 

and a 40 mn/cm
2 

discharge
increased the current to 1.42 mA/cm . The preseoce of
the quaternary ammonium compound decreased both the

diffusivity and the permeability.

REFERENCES

i. J. McBreen, Extended Abstracts, Vol. 87-2, The

Electrochem. Soc., Pennington, N.J (1987) p. 163.

2. T. I. Evang and R. 11. White, J. Electrochem. Soc.

134, 966 (1997).

3. R. S. Yen and J. Mchreen, ibid. 126, 1682 (1979).
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Abstract N-. 64

ZINC/BROMINE BATTERY Figure 3 shows the resistivity and bromine
ELECTROLYTE INVESTIGATIONS solubility as a function of zinc bromide

J. Bolstad concentration for an actual electrolyte com-
K. Yaccarino position containing zinc bromide, potassium

chloride, and quaternary amines. This plot
shows the resistance penalty incurred if a

Johnson Controls, Inc. high concentration of zinc bromide is used
Advanced Battery Business Unit in order to minimize electrolyte weight for

5757 North Green Bay Road electric vehicle applications. The aqueous
P.O. Box 591 bromine solubility In this electrolyte

Milwaukee, WI 53201 reaches a plateau at a zinc bromide
concentration of about 3 molar. This is a
fortuitous occurrence. It suggests that

Introduction: Johnson Controls' circulating there is no penalty other than increased
electrolyte zinc/bromine system is being resistivity, if the zinc bromide
developed for electric vehicle and load- concentration is increased above 3 molar.
levelling applications. The battery uses an
all-plastic construction with bipolar elec- Figures 4 and 5 show the results of varying
trodes. The electrolyte consists of an the amount of chloride salt additive in a
aqueous solution of zinc bromide, quaternary given electrolyte composition. Figure 4
amines which complex bromine to reduce its shows that potassium chloride and ammonium
activity and facilitate its storage outside chloride are very similiar in their effects
tchloridbattery, sand (optionally)ch increase nthe on electrolyte resisitivity. Figure 5 shows
electrolyte conductivityc that while potassium chloride decreases the

aqueous bromine solubility, ammonium

The main source of inefficiency in the chloride has the opposite effect.

system is diffusion of aqueous bromine
through the separator. For load-levelling However, in an actual battery, no
applications, energy efficiency is the performance difference between the ammoniumoverriding concern; therefore the and potassium chloride salts was seen. This
electrolyte composition must be optimized to is shown in Figure 6, in which cell
achieve low aqueous bromine solubility in efficiencies are plotted. Cycles 13-18 used
order to minimize diffusion of bromine electrolyte containing ammonium chloride,
across the separator. and cycles 19-31 used electrolyte containing

th. same concentration of potassium
For electric vehicle applications, the re- chloride. The reason for the lack of
quirements are more difficult because many observable difference is not clear at this
factors need to be considered. They include time.

high power capability, high energy effi-
ciency, minimum weight, and low freezing Summary: In the zinc/bromine system the
point, concentrations of zinc bromide, quaternary

amines, and supporting electrolyte salts can
Experimental: Electrolyte conductivity mea- be varied over a certain range in order to
surements were made with a Radiometer type optimize certain parameters. We have pre-
CDM2e conductivity meter. Solution temper- sented results of some basic property mea-
atures were held at 25 + 1* C. Bromine sol- surements which illustrate how electrolyte
ubility was measured by the iodometric ti- compositions can be optimized for different
tration method. applications.

Cell testing was done with 90 cm
2 

electrode References:

cells with electrolyte gaps of .040". The 1. Bellows etal, "Development of a Cir-
separator was a polyethylene/silica type culating Zinc-Bromine Battery," Phase

(Asahi SF-600). Cycling conditions were: c-i,
1.5-amp charge for 5 hours; 2.5-amp dis- D. 0. E. Contract 040-0483 Final Report,
charge to 1.0 volt. The cells were shorted April 1982.
after each cycle.

2. Bellows et al, "Development of a Cir-
Results: The results are displayed in Fig- culating Zinc-Bromine Battery," Phase I,
ures T-through 6. Figure 1 shows the re- D. 0. E. Contract #40-0483 Final Report,
sistivity of aqueous zinc bromide as a func- May 1987.
tion of concentration. The solutions were
adjusted to pH 3 ± 0.1 to avoid 3. Will, F. G., lacovangelo, C. D.,
precipitation of zinc bromide when it was Jackowski, J. S., and Secor, F. W.,
diluted (the zinc bromide had a molarity of "Assessment of the Zinc-Bromine Bat-
approximately 9 as supplied). The results tery for Utility Load Leveling," Final
showed a resistivity minimum at about 2 Report, D. 0. E. Contract I EY-76-C-
molar, which is similiar to other published 02-2950, March 1978.
work.

Figure 2 shows the resistivity of aqueous
solutions of one of the quaternary amines,
N,N-methyl ethyl pyrrolidinium bromide
(MEP).
The resistivity of REP is quite high
relative to zinc bromide; therefore its
concentration in electrolyte needs to be
kept as low as is feasible.

9?
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Abstract No. 65

IMPROVED CHLORIDE TOLERANCE AT platinum surface area was observed for the
THE H2 -C1 2 ANODE coated platinum.

E.J. Taylor and E. Anderson A presoaking/cycling pretreatment was
PSI Technology Company developed to measure the platinum surface

P.O. Box 3100 area in a gas diffusion anode using cyclic
Andover, MA 01810 voltammetry. We demonstrated the effective-

ness of this treatment by comparing the
INTRODUCTION platinum surface area measured from a hydro-

phobic gas diffusion anode (high Teflon R
We are developing an electrochemical content and sintering temperature) with an

reactor for production of HCl.
1  

In this electrolyte flooded "CV" electrode structure
reactor, a platinum catalyst is used at the (low Teflon content and sintering tempera-
anode for the oxidation of hydrogen. Since ture). The measured platinum surface areas
the anode is exposed to high concentrations of an anode and a CV electrode were the same
of HCl, a major concern is the poisoning of (Figure 5), indicating complete accessibility
the platinum by chloride ion. Halide ions, of the platinum in the gas diffusion anode.
in general, and chloride in particular, have
been shown to alter the adsorption isotherms Electrochemical accessibility of the
of hydrogen on platinum.

2  
platinum in the anode was maintained with
Nafion coating as shown in Figures 3 and 4.

Regenerative hydrogen-halogen cells, The Nafion coated anode exhibited similar
developed for load leveling purposes, employ behavior to an uncoated anode during the
a cation exchange membrane to protect the cycling treatment (Figure 5). Improved
platinum catalyst.

3 
The membrane was pressed chloride tolerance was observed for a Nafion

against a high loading (8 mg Pt/cm
2
) platinum coated anode versus an uncoated anode (Fig-

black anode. These cells have applications ure 6). As the chloride ion concentration
in space power where cost is not a major increased to IM, the available platinum sur-
concern. TO reduce the cost in our system, face area decreased less than 15 percent for
the electrocatalyst is a low loading the coated anode compared to a 75 percent
(0.5 mg Pt/cm

2
) carbon supported platinum decrease for the uncoated anode.

analogous to that used in phosphoric acid
fuel cell technology. Recent work by Examination of coated and uncoated
Mc~reen

4 
indicates that pressing a membrane anodes using SEK showed evidence of Nafion

against this carbon supported electrocatalyst impregnation into the catalyst layer. Large
would not be effective in utilizing the regions of a "tree-like" structure of Nafion
platinum. Rather, the cation exchange were apparent (Figures 7 and 8). There were
material must be extended into the porous also regions where we did not observe Nafion.
electrode to coat the individual platinum However, based on the chloride tolerance
particles. results, we conclude that Nafion is coating

most of the platinum particles. We are cur-
Other groups tried impregnation of rently extending this concept to an operating

porous electrodes with Nafion R cation anode under hydrogen consuming conditions.
exchange material to enhance oxygen reduction
at the cathode in the ohosphoric acid fuel This work is funded under DOE Contract
cell.

5 
We extended this concept to the No. DE-AC-02-86ER80366. The authors acknowl-

enhancement of chloride tolerance for the edge the support and encouragement of
H2-C12 anode. Mr. W. Huber.

EXPERIMENTAL

Electrochemically accessible platinum REFERENCES
surface area was measured using cyclic
voltammetry. Surface area measurements were 1. Anderson, E., Taylor, E.J., and Gelb, A.
conducted on Nafion coated and uncoated (1988), "Fuel Cell Cogeneration of HCI
platinum in the absence and presence of for Brine Acidification in the Chlor-
chloride ion. The feasibility of the Nafion Alkali Industry," Quarterly Reports under
coating concept for the improved tolerance to DOE Contract No. DE-AC-02-86ER80366.
chloride ion was first demonstrated on smooth
platinum and then applied to carbon supported 2. Brieter, K.W. (1963), "Voltammetric Study
platinum in a porous gas diffusion anode. A of Halide Ion Adsorption on Platinum in
novel coating technique was developed for gas Perchloric Acid Solutions," Electrochem.
diffusion anodes yielding Nafion loadings of Acta, 8, 925-35.
1-3 mg/cm

2
. The coated and non-coated anodes

were further characterized by scanning elec- 3. Yeo, R.S., Mcfreen, J., Tseung, A.C.C.,
tron microscopy (SEM). Srinivasan, S., McElroy (1980), "An

Electrochemically Regenerative Hydrogen-

RESULTS AND DISCUSSION Chloride Energy Storage 3ystemt Elec-
trode Kinetics and Cell Performance, J.

The feasibility of the Nafion coating Applied Electrochemistry, 10, 393-404.
concept for improved chloride tolerance was
demonstrated on smooth platinum. Figures 1 4. McBreen, J. (1985), "Voltammetric Studies
and 2 show cyclic voltammograms, in IM NCI, of Electrodes in Contact with lonomeric
of uncoated and Nafion coated platinum, Membranes," J. Electrochem. Soc., 132()
respectively. In the presence of chloride 112.
Ion the surface area of platinum decreased
46 percent for the uncoated electrode, but 5. Appleby, A.J. (1986), U.S. Patent
only a 16 percent reduction in available 4,610,938.
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_________Figure 5. Results of Cycling Study o f Cv
Electrode, Uncoated and Naf ion
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Abstract No. 66

THE FOTETODYUAKIC BEHAVIOR OF LEAD IN reaching more expressive values as EX increases. This
5 M SULFURIC ACID leads to the conclusion that for surfaces incompletely

covered,only a small fraction of the nuclei is reduced.
G. TREMILIOSI-FILO. L.A. AVACA, E.R. GONZALEZ The fact that qc . q, cane rationalized in terms

Instituto de Ffsica e Qufmica de Sio Carlos of film - breaking due to internal tensions combined with
C.P. 369, 13560 Sao Carlos, SP, Brazil a decrease in the electrostriction pressure during the

cathodic sweep. The breaking of the film exposes small
areas of fresh substrate resulting in peak A2. This

C.V.D'ALKAINE shows that, contrary to previous conclusions (1,2), it
Grupo de Eletroqutmica - DQ UFSCar is not necessary to reach the region of PbO formation

C.P. 676, 13560 Sao Carlos, SP, Brazil to observe the effects of film breaking. A study carried
out as a function of the sweep rate shows that the charge
corresponding to the broken film (q, - q ) is very small

A detailed knowledge of the initial stages of for slowly formed/reduced films increasing for highly
formation/reduction of the different superficial films defective films formed at fast sweep rates.
on lead in 5 M H2SO4 (the lead-acid battery electrolyte)
is essential for the understanding of the processes that REGION OF THE BASIC LEAD SULFATE AND LEAD OXIDE
participate in the charge/discharge cycle of a lead-acid (- 0.3/+ 1.3 V)
battery. Cyclic voltammetry is an adequate technique
to study the system and numerous papers have been Figure 3 includes the voltammograms for switching
presented in the literature. However, most studies have potentials - 0.5 and + 0.9 V. The charges corresponding
been carried out over restricted potential ranges and to the processes in the region a2 were obtained as a
without making use of all the advantages offered by the difference from the two voltamograms. This shows that
technique. In this work the potentiodynamic response qa a qc indicating that the internal film is completely
of lead in 5 M H2SO4 is explored between the potentials a2 a2
corresponding to hydrogen and oxygen evolution reactions. reduced. The charge corresponding to the formation of
Particular attention is given to the charges involved in basic Pb(II) species in this region (q' ) corresponds to
each of the observed processes, the area a + 2B and correlates well with that of peaks

Experiments were carried out at room temperature C2 and C3 (q')" Also, the excess anodic charge (qa),
using high purity lead rods (Aldrich 99.9995%, c - 0.4 cm). area Y + 2 6 , correlates with the increase in peak CI
The surface was polished with 600 grit emery paper, (q'), so it can be attributed to the formation of PbSO
treated with a satured solution of CH3 COONH4 and washed. in region a2 .
The electrode was introduced into the electrolyte already
polarized at - 1.2 V vs a HgIHg2 SO0 /5 M H2 SO reference REGION OF THE LEAD DIOXIDE ( o 1.3 V)
electrode. Figure 4 shows some voltammograms recorded at

GENERAL CHARACTERISTICS OF THE COMPLETE VOLTAMOOGRAM different holding times (t ) at + 1. V. It seems re-=onable
to c-Vclode that peak C, corrospoids to the reduction of Pbil

As shown in Figure 1 the first oxidation process to PbSO. This process is superimposed with the reoxidation
observed at - 0.9 V (A1 is initially very fast o n t of the metallic substrate, due to film breaking, which

quickly inhibited and followed by plateau a. This produces peaks A 3 and A.

plateau is detected only by increasing the sensitivity Figure 4 also shows that the cathodic peaks Cl,

10 times. If the potential is reversed at -0.4 V only C2 and C 3 increase when the potential is held at + 1.4 V,
peaks A2(anodic) and Cl(cathodic) are observed. Peak by an amount which is much larger than C,. Thus, ic
peak A2 asd) an Che (aentic) arheld atthis potential the formation of Pb(Ill) species also takesCincreases if the potential is held at - 0.1 V for pae

varying times, indicating that A1 , a1 and C1 are associated Place.

to the formation/reduction of PbSO4 . As the switching REFERENCES
potential moves into the region a2, peaks C2 and C3 are
observed. These peaks increase if the potential Is
held in the region a2. In this region takes place the I - T.. Chang, MM. Wright and 1.L. Valeriote is
formation of an internal film of basic lead sulfatesand "Power Sources h", D.9. Collins (Ed.), Academic
lead oxide protected by the PbS 4 film. Previously, Press, London, 1977, p.

6 9
.

peak C2 was only observed at low temperatures and it was
associated with the reduction of basic lead sulfate(l,2). 2 - E.G. Barradas and 0.1. Nadeobdin, Can. S. Chem., 62
In this work peak C2 was observed either by increasing (1981)596,

the sensitivity, by growing the film at the inversion 3 - JP. Carr, N.A. Hampson and R. Taylor, J. Electroanal.
potential or by extending the sweep anodically. 3 he.. , 1A.

In the region a3 is observed an activation of the Chem., 33(1971)109.
surface related to both PbO2 formation and 02 evolution. 4 - H.S. Panesar in "Power Sources 3", 0.9. Collins
The cathodic sweep shows complex processes in the region (E.) r P ress ewcSuc Tyne. 191,p.9
+ 0.9- + 1.3 V which have been mentioned previously (Ed.), Oriel Press, Newcastle-upon-Tyne, 1971, p.79.
(1,3-6) but are not yet fully understood.

Figure 2 shows the ratio of the total anodic (qt) - S.C. Sunderland, S. Ilectroacal. Chem., 71(19761 lii.
and cathodic (q,) charges as a function of the switching
potential (EX). Region (a) corresponds to the formation 6 - T.F. Sharp. S. Ilectrochem. Soc., a) 122(1975)85;
of PbSO4 which is only partially reduced. In region (b) (b) 124(1977)169.
the basic lead sulfate and lead oxide formed show better ACUDEDGENTS
reduction characteristics. Region (c) shows an increase
in qt/qc due to Pb 2 formation and 02 evolution. The authors thank the Pundatao de Apolna Pesqulsa
Figure 2 defines potentiodynamically three distinct do Istado de So Paulo (FAPESP). Pinanciadorade studos

regions for the behavior of Pb in H2 SO4- e Projetos (FINEP) and Conselho Nacional de Desenvolvimento

REGION OF LEAD SULFATE (- 0.951- 0.4 V) Cientficeo e Tecnol6gico (CNPq), Brazil, for financial
support.

An analysis of the charges involved in this region
as a function ofE A shows that the reversibility of the
film (ql/qt) is low for values of EA before peak A1

i01
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FIGURE I - Cyclic voltammograms of lead in 5 M H2 SO4  (a) Between
- 1.2 V and + 1.6 V, (b) Between - I.Z V and f 1.7 V.
v - 10 mv s
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FIGURE 3 - Cyclic voltammograms of lead in 5 M 12SO4
-- ) Between - 1.2 V and - 0.5 V,

(-) Between - 1.2 V and+ 0.9 V, showing
the charges corresponding to the processes
in the region a. v - 10 mV s'1.
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Abstract No. 67

Ill. RESULTS

STIBINE REMOVAL FROM LEAD-ACID The results revealed that activated
(Pb-Sb)BATTERY charcoal is superior to the other

adsorbents in trapping stibine. The

CORROSION TECHNOLOGY GROUP differences of the adsorbed stibine
ELECTROCHEMICAL BRANCH (R33) sharply increased at the weight above
NAVAL SURFACE WARFARE CENTER 25 grams (see Figure 1).

WHITE OAK, SILVER SPRING, MARYLAND The effectiveness of the adsorbent
20903-5000 for stibine is increased from the

order of silica gel, molecular sieve
A. H. LE and activated charcoal. For each
N. LINDSEY individual adsorbent, the smaller of
C. M. DACRES the particle size the more stibine

adsorbed. However, the 50-80 mesh
activated charcoal caused some backup

I. INTRODUCTION: pressure which may incease the
internal pressure of the lead-acid

During charging, lead-acid batteries batteries.
(Pb-Sb) will generate toxic stibine The temperature study of activated
gas which may become a health hazard, charcoal revealed that adsorption of
The concentration of stibine in an stibine on charcoal is an exothermic

isolated area where the lead-acid reaction. The maximum temperature was
batteries are located could conceiv- obtained at 105

0
C from the

ably exceed the accepted levels for decomposition of stibine when 35
human safety. Therefore, stibine must grams of 6-14 mesh activated charcoal
be removed before it escapes from the used. Incidentally, this maximum
lead-acid batteries. A stibine fil- temperature occurrs at the end-point
ter (1) was designed for this purpose where the charcoal is saturated with
and is located at the top of the stibine.
flash arrestor. Initially this filter
successfully controlled the stibine IV. REFERENCES
generation from the lead-acid batter-
ies for the period of 8-hour charging 1. A. H. Le and C. M. Dacres, TR
at the voltage of 2.55 V by using 84-328, Naval Surface Weapons Center,
charcoal as a adsorbent (2). Silver Spring, MD, 1984.

2. A. H. Le, "Proceeding of the
The objective of this research is to 32nd Power Sources Symposium" at

study the efficiency of activated Cherry Hill, NJ, June 1986, p. 351.
charcoal and other materials for the 3. D. L. Haynes, S. S. Fratoni,
removal of the toxic stibine gas from L. Nanis and R. D. Weaver, Section I,
lead-acid batteries. By studying var- p. 1-2, Special Report, May 1977,
ious adsorbents in different pore Electric Power Research Institute.
sizes, the optimum conditions can be
obtained to ensure the safe use of
lead-acid batteries in confined
areas.

II. EXPERIMENTAL

Stibine is generated from a chemical
mixture that contains potassium '9UM 1: Stibin. daptim f

hydroxide, potassium antimony tar- Ccoal-Sia G-Moa
trate, sodium borohydride, tartaric

acid, water and a sulfuric acid solu- 11 -. . . .

tion. Stibine gas is controlled by . 6-14MsshChrcvq1 105.28

the addition of the sulfuric acid 1 14-20 Mh Silica U.2
solution (3). 957 50-80 Mash ch roal

-4-8 Mesh MolsuIr SI.',

The amount of stibine adsorbed onto 7 .- 12M Molutl, e /

the adsorbent is determined by the 55-
change of the color at the end-point
of a 0.1 N silver nitrate trapping
solution. The stibine produced in the
reaction vessel is flushed through
the filter into the trapping solution 5 15"97

by a carrier gas (either air or some-- 4'4
inert gas) at a fixed flow rate. - -5 2 - 2.84

0 5 10 15 20 25 30 35

Various adsorbents such as 6-14 and Amonto (Grms)
50-80 mesh activated charcoal, 14-20
mesh silica gel and 4-8 and 8-12 mesh
molecular sieve (zeolite) were used.
To optimize the amount of the adsor-
bent, different weights varying from
5 grams up to 50 grams were tested.
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Abstract No. 68

AUTOMOTIVE BATTERY STATUS MONITOR formula: NOC=Vgas/2.50. In an automotive battery,

T. Palanisamy and S. Mendelsos this would normally be 6. Any other number may be
paindicatie of a defection battery. We haoe found
Corporate Technology that the current at which the gas point occurs in
Allied-Signal, Inc. the ramp-up direction, I is proportional to

down'XI01Rth rachesp theest pSsilc uutpaP.O0 Boo 1021R the battery capacity. T current at which the
gas point occurs in the ramp-down direction, I
down, reaches the lowest possible value, typicaly

around 0.8 A, when the battery is fully charged.
Sensors for automotive components help pre- Thus, the battery capacity can be determined from

ventive maintenance and also minimize maintenance the former, and the state of charge, from the
costs. The automotive battery is one of those latter parameter.
essential components which need such a sensor. In
this work we have developed an automotive battery Batteries with mismatched cells give rise to
status monitor. The methodology, software and two or more gas points in the ramp-up direction.
features of this monitoring system will be pre- Soft-shorted cells exhibit an inflection dV/dl at
sented. very early stages of the ramp. The presence of

Historically, an ammeter and/or a voltmeter sulfated cells give rise to an inflection in the
on the dashboard has served as a battery status ramp-up, but no corresponding inflection in the

monitor. However, they have provided only limited ramp-down. Thus, several battery defects are

information, and that too only for "educated" detected in the test cycle.

drivers. In general, the car is taken to a garage A microprocessor with embedded software will
where the battery is tested by discharging through control the functions of (I) alternator/regulator,
a load by a skilled mechanic. From the battery (2) an optional clutch or field coil relay that
characteristics during this test, the instruments

engages and disengages the Iternator with thedisplay whether the battery is good or bad. drioe system and (3) the batte"
,
. It measures the

Techniques using an a.c. signal without having to batteryvte alteat egulat ouut

discharge the battery through a load have been battery voltage, alternator/regulator output

described in the literature. However, they all voltage and the current input and output from the

need the battery disconnected from the electrical battery. It can send an appropriate message to

circuitry of The car. In this investigation we the indicator/display system on the dashboard.

have developed a methodology and software for a The monitor provides the state of charge (SOt)
microprocessor based device to test the status of The battr aanie. the bary is
the battery using the battery starting charac- of the battery at any time. When the battery is

teristics. This device also determines the low near its fully charged status, the monitor can cut
temperature limit below which the battery, under out the alternator through the "clutch" - thus
theperastre limitbeows, whih nte be, uert possibly enhancing the gas mileage. When either
the evisting conditions, may not be able to start the state of charge is below a set limit, or the
the car. It also determines the defects, if any, accessory drain current is above a preset limit,
in the battery as well as the charging system, or the ambient temperature is below a preset limit,

The battery status monitor determines the the power source is kept operational. When theThe attry tats mnito deermnesthecar is off (car engine not running), and the drain
battery, characteristics from two sets of data;
one collected during the normal usage of the SLI current exceeds a present limit or the SOC is
battery and the other during a special test pro- lower than a preset limit, the battery is isolated
file typically in conditions like highway driving. from the rest of the electrical system (or the

accessories are cut off from the battery).

The test cycle involves imposing a linearly An important feature of this system is its
increasing current or voltage ramp onto the capability to indicate the low temperature
battery terminals and measuring the corresponding starting limit of the car with the battery's ore-
voltage or current response of the battery, sent conditions. The monitor arrives at a number
Typically the current signal consists of an for the low temperature limit by taking into
increasing ramp from 0 to 20 A in 60 seconds, account both the engine requirements and the
holding constant at this level for 5 seconds, and battery's ability to meet them.
a decreasing ramp from 20 to 0 A in 60 seconds.
When voltage ramping is used, the signal consists The battery status monitor can inform the
of an increasing voltage ramp from open circuit driver whether the battery needs maintenance or
voltage (OCV) to an end voltage corresponding to replacement. The monitor can advise the driver
0.5V higher than the OCV for each cell. In both
cases if the voltage limit (2.6V/cell) is reached when the battery terminals need cleaning.
before the time limit (60 seconds), the increasing Likewise it does well in indicating the addition
signal changes over to the holding portion. The of water when the electrolyte level is too low.
snlcge o ver tom theodin g povert . TConditions like the presence of one or more bad

presence of a manimum in dV/dI nersas Iramp, or a cched cells
minimum in dI/dV versus ram indicates the cells (low capacity, misma or soft-

number o ces s at point, the shorted cell(s)) indicate in adoance the need to

number of cells (NOC), is calculated using the change the battery.
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AN IMPEDANCE STUDY OF THE ELECTRODISSOLUTION

OF ALUMINUM IN 4M KOH AT 25°C

Digby 0. Macdonald, Mirna Urquidi-Macdonald 
T.- 2on I 050510zo4 tO 1CIoDIS5OWOO.

and Silvia Real o, bb o m lb sezoms

SRI International

Menlo Park, CA 94025 a os

An electrochemical impedance analysis of pure a 2..,r. oo, ssel14d allssI * 04- *11041

aluminum in 4M KOH at 25°C is reported. Impedance ......4Ydr.s l

spectra have been obtained at 30-80 mV intervals
extending from the hydrogen evolution region at -1.96 - 04 --1000, -

V (vs. Hg/HgO, 4M ROH) to the transpassive dissolution Aole,. o t- 0(.).

region at -1.35 V. The impedance spectra are found to ss . .
consist of two intersecting capacitive semicircles
with a loop at intermediate frequencies. The low .. N... - N.W.* SS

frequency capacitive arc and the loop become 11 c14.mOld di..oiols fISS)" * O" .A01)04)
increasingly dominant with respect to the high 1.. s.s..*sas

frequency relaxation as the potential is shifted in A.() 1 " o),

the positive direction (Table 1). The impedance A)os, .' All),*
spectra and the steady-state current/voltage 0.10 * 55" la * S
characteristics (including the partial anodic and

cathodic curves) are accounted for by a model ss . No "

involving the step wise addition of hydroxyl groups to 2 - * 5 ss

surface aluminum atoms, culminating in the chemical

dissolution of AI(OH)
3 

to form AI(OH)
4  

(Table 2). z *.o . s 14ov505;.° 14s)" * . 51)04)

This anodic process is coupled to hydrogen evolution sl(os) M011 All)0 ,
via competition for bare surface sites. Comparison of Al), 0 A 1(OH),
the experimental and predicted impedance spectra

indicates that the total concentration of reactive 011.),, 0o. *140)>• SS

sites on the surface varies with potential in a manner Al(W -l Al- , l(s1),

that parallels the anodic partial current. This ss Nso ." o
variation is attributed to the existence of a porous o.;0." - . ss

corrosion product film on the surface. The impedance
analysis also indicates small values (<0.1) for the z . se.- *415s," ala.

transfer coefficients for elementary charge transfer 0.1inls 0

reactions; these are attributed to the highly *1)0) c-0.14 .

assymetric nature of the reaction coordinate for llm), 0 .i),

reactions involving reactive species (Al + OH') or to 1()0I, 05-. *l)o0) 5SS

strong repulsive interaction between adsorbed species. *0g. - ^10) 1)01. -

as embodied in the lemlin adsorption isotnerm.
However, the impedance data do not provide strong s, o**-14. 04

evidence for autocatalysis and it appears that the N -41 2 SS
simple step-wise mechanism (Mechanism I, Table 2) is

the most appropriate for describing the v A-tas.lyt-o (I)/ Al(5S)" OS"N A1l-
electrodissolution of aluminum in 4M KOH at 25°C. ON,) * A4 *1o),4
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Abstract No. 70

MORPHOLOGICAL-ABSORPTIVE CHARACTERISTICS behavior confirms a v-riable degree of occu-
OF PAFC ANODES pation, as preparative conditions are made to

vary, of pore volumes Occupied by the P.A.
N. Giordano, E. Passalacqua, P. Staiti, (*) versus those left to the gas (eg).
H. Mirzaian, E. Recupero, E. Alderucci, Further, we observed that e and eg* are rela-

Z. Poltarzewski and M. Vivaldi tively independent of PAO (cf. Fig. 2 and
Institute CNR-TAE 98126 Pistunina-Messina Fig. 3, respectively). We conclude that

(Italy) irrespective of the preparation variables
(Ts, teflon, etc.) the morphological charac-

E.J. Taylor and G. Wilemski teristics of the agglomerates (6 and eg*) are
PSI Technology Co., Andover, MA 01810 strongly influenced by those of the original

(USA) electrocatalysts. The preparation parameters

affect the macroscopic structural character-
INTRODUCTION istics of the electrodes, as evident from the

descending trends of Og vs PAO (Fig. 1).
Advancements in PAFC technology require This observation is more evident when "pore-

a better knowledge of the morphological char- filling" of the agglomerate is plotted vs PAO
acteristics of the gas diffusion electrodes, (Fig. 4). In fact, the ratio of the flooded
both with regard to electrode fabrication to total pore volume of the agglomerate
procedures and to define correlations between */0 (l-eg*} generally increases with PAO.

morphology and electrochemical performance. Since 6gexhibits an opposite trend, we sug-
We present correlations between hydrogen gest that preparative variables affect the
oxidation and morphological characteristics morphology of the electrode and its absorp-

of PAFC's anodes. tive characteristics in opposed fashion

(compare Figs. 1 and 4). Thus, while the gas

EXPERIMENTAL phase porosity of the electrode changes in an

obvious way with PAO (Figs. 1 and 4) there
We prepared gas diffusion electrodes b are no corresponding variations in the

a procedure described in a companion paper. agglomerate's morphological-absorptive
The preparation parameters varied were: characteristics (Figs. 2-3).

a) % PTFE (30-70%) at constant sintering
T (T

S 
- 350*C in air, 15 min); b) Pt loading, REFERENCES

(Wpt), from 0.2 to 0.5 mg Pt/cm
2 

(constant 's
and % PTFE); c) T

S 
from 320*C to 360*C(15 min 1. N. Giordano, E. Passalacqua, P. Staiti,

in N
2 

or air) at constant % PTFE (50%); H. Mirzaian, E. Recupero, E. Alderucci,
d) atmosphere (N

2 
or air); e) final pressing R. Di Leonardo and M. Vivaldi,

of the electrode (from 15 to 45 kg/cm
2
). G. Wilemski and J. Taylor, "Performance

and optimization of Phosphoric Acid
The as-prepared electrodes were charac- Fuel Cells Gas-Diffusion Cathodes,"

terized by porosimetric analysis (Carlo Erba Extended Abstracts, Electrochemical

Mod. 2000) and absorption of 98% w/w H
3
PO

4  
Society Meeting, Chicago, IL,

(P.A.) at 200*C for 24 hr. From the thick- October 1988.

ness of the electrode, Zc (cm), total
porosity, and P.A. absorption in the catalyst
layer, we have derived the percent acid ACKNOWLEDGEMENTS

occupation. The Authors wich to thank ENEA for

permission to publish this work which was
RESULTS AND DISCUSSION made under contract within the framework of

"Progetto Volta".

We have observed a strong correlation
between anode performance and the percentage

of acid occupation (PAO) by the catalyst
layers.

1 
PAO is defined as 100 (4/0

c ) 
where

# is the fraction of catalyst layer volume
occupied by electrolyte and ec is the

porosity of the catalyst layer. PAO is

determined from the experimentally measured
values of (gH3PO

4
/g catalyst layer), the

total pore volumes of the electrode (Ves),

the catalyst layer (VA), and the support (V).

Plots of +, Ves and VA as a function of
preparative variables (Wpt, TS, and % PTFE,

respectively) show that PAO depends most

strongly on #, and Ves and VA are relatively
insensitive to the electrode preparative

variables. Further, analysis of the results

reveals that other morphological characteris-
tics such as total gas porosity (9g - 0c-4),

porosity of the agglomerate region (6,

including all pores < 0.4 y), residual

porosity of the gas filled macropores in the
agglomerate (0g:, including all pores > 0.4 )

are correlated to the PAO (Figs. 1, 2 and 3).

More particularly Fig. 2 shows that the total
gas porosity of the gas filled pores, e

decreases as PAO increases. Taking intg

account that eg - 0c - *, the observed
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PERFORMANCE AND OPTIMIZATION GF PHOS HO-IC occupation. One notable characteristic is

ACID FUEL CELL GAS-DIFFUSION CATHODE, that the shape of these curves changes with
the time of operation (cf. Figs. 3 vs. 4).

N. Giordano, E. Passalacqua, P. Staiti, Electrodes with greater than q0% acid occu-

H. Mirzaian, E. Recupero, E. Alderucci, pation are more prone to structural modifi-

R. Di Leonardo and M. Vivaldi cations, as also confirmed by Mori
2
.

Institute CNR-TAE 98126 Pistunina-Messina The perfornance of the electrode; on air
(Italy) and 02 was also screened in terms of 92

G. Wilemski and E. J. Taylor gains. Plots of Oxygen gains exhibit a mini-

PSI Technology Co., Andover, MA 01810-7100 mr as a functi-i of Ts or % Teflon. more

(USA) interestingly, plots combining different T sand PTFE indicate that, irrespective of the

INTRODUCTION imposed preparative conditions, oxygen gains
are minimized at around 30-50% acid occupa-

Although PAFC technology has greatly tion (Fig. 5). This observation is relevant

advanced up to the scale of large size units, as it helps in identifying intervals of oper-
there is a lack of published information as ating conditions, however obtained, iich

to the influence of the preparative condi- should assure better performance. The mini-

tions upon the electrochemical performance of mum oxygen gains at 100 and 700 mA/cm
2
, as

electrodes, This paper faces the problem of observed at about 30-40% acid occupation

establishing some correlations between pre- (Fig. 3), assures in fact that these char-
parative variables (such as Pt-loadings, acteristics mark, not only tha points of

sintering temperature (Ts) and %PTFE), and highest activity, but also those with the

the electrode performance. The information greatest degree of utilization of the porc~s

is useful in assisting optimization of the structure, i.e., less diffusion controllirg
preparative conditions and in modeling conditions as well as of greatest electro-

electrochemical behavior, as outlined in a chemical stability.

previous paper.
1  
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EXPERIMENTAL
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2
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printed (Argon Modular 2) on the carbon
paper. The electrode was dried in a con- ACKNOWLEDGEMENTS
trolled atmosphere (N2 oL air) at 120*C
(1 hr), at 280*C (30 min) and then sintered, The Authors wish to thank ENEA for
Ts (320'C to 360°C). Electrodes were made permission to publish this work which was
with varying PTFE constant (20 to 60%) and made under contract within the framework of
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2
). The "Progetto Volta".

cathodic reduction of 02 or air was measurel
in a conventional halfcell made of Teflon, at
170OC in a 99% N3 PO4 solution with an air
flew-rate of 400 cc/min. The phosphoric acid
(P.A.) absorption (g H3Pt 4/g electrode) was
measured in an all-teflon apparatus at 200*C
after equilibration (24 hr). The electrolyte
filled porosity (+) divided by the total
porosity (0c ) is the percentage acid occupa-
tion. This value was calculated from
porosimetrically determined volumes of tne
catalyst layer electrode and the support.

RESULTS AND DISCUSSION

As predicted in a previous paper
1
, the

percentage of the P.A. occupation exerts a
strong influence on the characteristics of
the electrodes. Previous modeling analysis
identified two main f~ctors: the degree of
wetting of the catalysts layer and the volume
of pores left void for the passage of the
gases. In Figs. i and 2 we present the
percent acid occupation as a function of
%PTFE and sintering temperature. As shown in
Fig. 3, irrespective of the preparative con-
ditions (i.e., Ta, %PTFE, Pt loading, etc.),
the electrochemical activity on both air ane
02 exhibits a maximum at ca. 30-50% acid
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Abstract No. 72

DEVELOPMENT OF POROUS GAS DIFFUSION to the carbon paper substrate. The electrode

ELECTRODES FOR OXYGEN REDUCTION was dried at 100*C for one hour and at 200*C
IN ALKALINE MEDIA for one hour, and then sintered for fifteen

minutes.

E. J. Taylor, G. Moniz, M. Clawson,

E. Anderson and G. Wilemski Electrodes with Pt catalyst and Pt + C
PSI Technology Company electrocatalyst loadings of 0.45 mg/cm

2 
and

P.O. Box 3100 5 mg/cm
2
, respectively, were prepared with

Andover, MA 01810 Teflon contents and sintering temperatures

shown in Table 1. At a Teflon loading of 30%
INTRODUCTION and sintering temperature of 300*C, we pre-

pared electrodes with the Pt catalyst load-
The performance of a porous gas diffu- ings shown in Table 2, and with the Pt + C

sion electrode is determined by a number of electrocatalyst loadings shown in Table 3.

highly interrelated factors. Pore structure, We measured the electrocatalyst layer thick-

electrolyte content, surface area, transport ness using scaning electron microscopy. The
phenomena and electrode kinetics are usually oxygen reduction performance of our electrode

strongly coupled. This greatly complicates preparations was measured in 30% NaOH at 75*C
the interpretation of porous electrode per- and corrected for iR loss.

formance and hinders the development of an

optimally performing electrode. RESULTS AND DISCUSSION

To be effective, the porous electrode The measured platinum loadings and par-

must be wetted by an appropriate amount of ticle sizes of our electrocatalysts are given

electrolyte. Low electrolyte content facili- in Table 4. The specific surface areas were
tates gas and liquid phase diffusion of calculated assuming spherical particles. The

reactants; however, it may result in high average platinum particle sizes were 16 to
internal ohmic losses. Moreover, unwetted 21A.

catalyst is inactive and not utilized. Con-
versely, high electrolyte content decreases We measured the polarization behavior of

internal ohmic losses; however, it increases our electrodes on pure oxygen and synthetic
diffusion losses due to flooding of catalytic air. The oxygen gain (difference between
sites. An electrode that is too thick suf- potentials on oxygen and air at a given cur-
fers from excessive ohmic and gas diffusion rentides is a a r ot efive-ionrent density) is a measure of the effective-
losses, while an electrode that is too thin ness of the electrode structure for reactant
does not contain sufficient catalyst surface transport. In Figures 1 and 2, we present
area to maximize performance. the oxygen gains as a function of Teflon con-

tent and sintering temperature. We observe
For a given Pt + C electrocatalyst, the minimum oxygen gain (and hence most

there are optimum values for the electrolyte effective electrode structure) at 30% Teflon
content and electrode thickness that will sintered at 3001C.
maximize electrode performance. These values
depend on the electrode fabrication process
which influences porosity, pore size distri-
bution, and agglomerate size. In Figure 3, we present the oxygen

reduction data for various electrocatalyst

In sum, efficient porous gas diffusion layer thicknesses at a constant platinum

electrodes must possess the proper balance loading of 0.5 mg/cm
2
. As the electrocata-

between hydrophobic and hydrophilic character lyst layer thickness is decreased from 260 to
to allow the development of the proper three- 80 pm, we observe an increase in the elec-

dimensional distribution of solid catalyst, trode performance. Since each electrode con-
liquid electrolyte, and gaseous reactant. tains the same Pt catalyst loading, our cata-
The main variables involved in gas diffusion lyst utilization increases as our electro-
electrode fabrication are 1) Teflon content, catalyst layer thickness decreases.

2) Teflon sintering temperature, 3) electrode
thickness, and 4) catalyst loading. we have In Figure 4, we present the oxygen
investigated the effects of these electrode reduction performance versus the percent Pt
fabrication parameters on the performance of catalyst for a given electrocatalyst layer
a carbon supported platinum electrocatalyst thickness. The performance increases as the
for oxygen reduction in alkaline media, platinum content increases.

EXPERIMENTAL We have summarized our results regarding
the effects of various electrode fabrication

We prepared carbon supported platinum parameters on oxygen gain and electLode per-

electrocatalysts using a colloidal deposition formance. In addition, we will present the
technique. We determined the platinum parti- effects of these fabrication parameters on
cle sizes using transmission electron micros- catalyst mass activity (mA/mg Pt) and spe-

copy at the MIT Center for Materials Science. cific activity (PA/cm Pt). These deta will
The platinum loadings were determined gravi- be correlated with the electrode morphology
metrically after burning the carbon in air at (i.e., porosity and pore size) and wettabil-

9001C. ity (i.e., electrolyte filled porosity and
gas filled porosity).

We fabricated gas diffusion electrodes

on carbon paper (Stackpole PC 206), which was This work is funded under cooperative

wet proofed with FEP (0.5 mg/cm
2
, sintered at agreement with the DOE, No.DE-FC07-84ID12495.

2751C). A flocculate of carbon supported The authors acknowledge the support and

platinum electrocatalyst and Teflon was col- encouragement of Dr. S. Priebe and

lected on a filter paper and was transferred Mr. W. Sonnett.



Table 1. Teflon Contents and Sintering 300 1 1 1 1
Temperatures for Electrode

Fabrication 240 200M2

* 600 "I cm2140

Sintering Temperature (*C)

Percent PTFE 275 30 2 345 375 120

20 X
30 X X X X X
40 X 0 0 40 60 so 140

50 X TEFLON CONTENT (5

60 X
70 X Figure 1. Oxygen gains at 200 and 400 mA/cm

2

as a function of Teflon content

Table 2. Electrocatalyst Loadings, Weight
Percentages of Platinum and
Catalyst Loadings for Loading
Study

Electrocatalyst lCatalyst (Pt)

(Pt & C) 9. Pt on I hoadil.3
Loading (mg/cm

2
) Ketjen (mg/cm

2 
(

5.00 5 0.25 0 Cs a a

5.00 0 0.45 ,
5.00 10 0.50

5.00 15 0.75 Figure 2. Oxygen gains at 20, 200, 400 and

5.00 20 1.00 800 mA/cm
2 

as a function of
___sintering temperature

Table 3. Electrocatalyst Loadings, Weight 0

Percentages and Catalyst Loadings L,

for Thickness Study 07

Electrocatalyst Catalyst (Pt) 0"

(Pt&C) % Pt on Loao n 0n

Loading (mg/cm
2
) Ketjen (mg/cm 0.2

0.1

2.50 20 0.50 .

3.33 15 0.50 ; 115 160 200 20 M

5.00 10 0 50 ELE E1RO61-VT L10 M NSS (.) . -l

0.00 5 0.50 Figure 3. Oxygen reduction performance

100 versus electrocataly~t layer
thickness

Table 4. Platinum Catalyst Loadings,
Particle Sizes and Surface 

0

Areas .o

iCalculated .. "

PMean Surface 0,3--

Target Pt Actual Pt Particle Area P 02

oading (M)Loading (t) Size (A) (m
2
/g) 0T

0 0 -. 1- ,- 2 1

5 4.9 15.9 176 2 , Is 5 2'

10 9.5 18.6 150
15 14.4 16.7 168 Figure 4. Oxygen reduction performance
20 19.3 21.0 133 versus platinum catalyst weight

_ _percentage

I l I I I I I J J J(2)
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Methane Activation to C 2 
Hydrocarbon Ethane may then subsequently react at i- sites via

Species in Solid Oxide Fuel Cell the reaction sequence 2:

Nirupama 0. Pujare and Anthony F. Sammells C2H
6 

+ 0- C
2
H
5 " 

+ OH-

Eltron Research, Inc. 2-

4260 Westbrook Drive C2H 5 
+ 0 - 175 + e

Aurora, IL 60504 OC2H
5

-e C
2
H
4 
+ OH-

The solid oxide fuel cell:
to give ethyl'ne. Acetylene formation may occur via an

CH
4
,pt/iSvO

3
/Lao.

8 9
Sr.

1 0
MnO

3
/YSZ/La 0

.
8 9

Sr.
1 0

MoO
3
/Pt,02(air) analogous oxida:ive path involving ethylene.

was fabricated using a closed-one-end yttria stabil- ACKNOWLEDECMENT

ized zirconia (YSZ) solid electrolyte tube. Anode This work was supported by the Gas Research

fuel gas typically comprised 10% CH
4 

in argon. At Institute.
7600C the cell possessed an open-circuit potential

(OCP) of 1.25V. The cathode oxygen source was air.

Analysis of anode reaction products was performed

using a GOW-MAC Model 69-750 FID gas chromatograph i. Keller, G. E. and Bhasin, M. M., J. Catal., 73,

using a 6'xl/8" stainless steel column packed with 9 (1982).

80/100 mesh Carbosphere (Alltech Associates, Inc.). 2. Ito, T., Wang, J., Lin, C. and Lunsford. J. H.,

No C
2 

species were evident from either the methane or J. Am. Chem. Soc., 107, 5062 (1985).

argon sources used in this work.

Initial measurements were performed under OCF

conditions with 02 being intentionally introduced into

CH
4
/Ar mixture at the anode. C2H

6 
was found to be the

major product. Upon passing current through this fuel
cell, where oxygen was only available via its Faradaic

transport from the air cathode to the anode, C
2  /

species were formed. The dependency of total C
2

species upon cell current is summarized in Figure 1. - re
C
2
H
4
, C

2
8
6 
and C

2
H
2 

were identified as Faradaic -

methane oxidative dimerization products whose distri-

bution was '8% C
2
H
4
, 37% C

2
H
6 
and 4% C

2
H
2
. At 760C

11% of the Faradaically transported oxygen partici-

pared in promoting methane oxidative dimerization.

Anode electrode potentials were always negative of

the oxygen electrode potential, hence the Faradaic

oxidative dimerization reaction did not rely upon

unit activity oxygen being produced in the anode com-
partment. Anode half-cell reactions leading to C2 Totaut

hydrocarbon species can be represented by: - . Faradaic

02- + 2CH4  
C
2
H
6 
+ H

2
0 + 2e-

202- + 2CH4 C
2 4 

+ 2H
2
0 + 4e- 5 "

and Ota3 Cvi :rexs -2

30 2- + 2CH4 C2 H2 + 3H20 + 6e Figure 1. Total C
2 

species (CH
6 , 

C
2
H
4 and C22) vs.

If one assumes that the goal of this anode electro- cell current for the cell

catalysis strategy is to maximize the local population CH
4
,Pt/Sm

2
0
3
/1a

0
.89Sr.loMnO3Pt/YSZ/

of 0- species for promoting methane oxidative diver-
ization, then one might represent electrocatalytic La

0
.8Sr.loMnO3 /PtO 2

(air).

processes occurring at the Sm
2
0
3
/Lal-,SrMnO

3 
inter- Initial OCP 1.27V. Anode gas comp. 102% CH

4 ,

face in this SOFC, as follows: 90% Ar. Flow rate 50ml/min. Temp. 760'C.

,. t11o

Ii
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ORGANIC CATHODE MATERIALS Figure 5 gives the voltage vs. time curves of
IN SODIUM BATTERIES TCHE during discharge and charge at 1 mA/c,

2  
in the

fifth and sixth cycle. The electrode is fairly
B. V. Ratnakumar, S. Di Stefano, reversible with no loss in capacity over a few cycles

G. Nagasubramanian, R. M. Williams, tested. The coulombic efficiency is close to 65% and
and C. P. Bankston may be improved by optimizing the cell design.

To summarize, these organic materials show
Jet Propulsion Laboratory promise as high energy density cathode depolarizers

4800 Oak Grove Drive in secondary batteries. Further developmental studies
Pasadena, CA 91109 on TCNE and TCNQ are currently underway.

Several rechargeable systems based on sodium/p"- ACKNOWLEDGEMENTS
alumina have been proposed for various applications.
The sodium-sulfur battery has the highest energy The work described here was carried out at the
density and is the most developed of these. (11 Other Jet Propulsion Laboratory, California Institute of
systems, however, also offer considerable promise. In Technology, under contract with the National
particular, solid inorganic cathodes, e.g., FeCl2 and Aeronautics and Space Administration. On- .f *he
NiC12  together with NaAlC4 molten electrolyte have authors (B. V. Ratnakumar) acknowledges the National
high energy densities ("900 Nh/kg) and operate at high Research Council for providing his Research Asscciate-
power densities. Other advantages of this family of ship during this work.
compounds are their low cost and ease of operation.
(2-4) REFERENCES

In this paper we report the use of an organic
cathode material in combination with Na-f" alumina 1. J. L. Sudworth and A. R. Tilley, "The Sodium
half cell. The cell consists of liquid tetra- Sulphur Battery," Chapman and Hall, London, 1965.
cyanoethylene (TCNE) or tetracyanoquinone (TCNO) in
molten electrolyte NaAIC14 and a platinum (or carbon) 2. J. Coetzer, J. Power Sources, 18, 377 (1986).
current collector in the cathode compartment and
liquid sodium in the anode compartment, both being 3. R. C. Galloway, J. Electrochem. Soc., 134, 256
separated by "-alunina solid (Na" ion conducting) f1987).
electrolyte. The advantages associated with these
organic depolarizers are a) a high energy density in 4. R. J. Bones, J. Coetzer, R. C. Galloway and D. A.
excess of 600 Wh/kg, and b) an absence of corrosion at Teagle, J. Electrochem. Soc., 134, 2379 (19871.
positive current collector or any undesirable reaction
with " alumina electrolyte.

The test cell (Figure 1) assumes a cylindrical "lIE TERMINAL
configuration with the cathode mix containing TCNE and
NaAICI4 inside the 0" alumina tube and liquid sodium
outside. The cell operates at temperatures above
200*C (m.p. of TCNE: 199°C).

The cyclic voltausetric curve of TCHE (Figure 2)
shows a single reduction peak around 3.0 V and an
oxidation peak around 3.7 V. The electrolyte NaAlC], I • CERAMIC
is stable up to 4.5 V vs. Na*/Na on the positive 

side.

On the negative side at 1.6 V aluminum deposition
occurs. The cell thus operates between 4.0-2.0 V. At
lower scan rates, the voltammograms exhibit current
plateaus which may be attributed to the slow approach CRAMIC HEADE
of TCNE (oxidized and reduced) species to the 0 R
electrode.

A linear sweep voltammetric curve of TCNE (Figure
3) exhibits the mass transfer limited current. By
optimization of the cell design, i.e., electrode/0
tube distance, ratio of TCNE/NaAICI4, etc., it is
possible to achieve much higher limiting current V______ ALUMINA TUBE
densities and thus higher power densities in the--STAINLESS STEEL TUBE
battery. The kinetic parameters exchange current )VE TERMINAL)
density and transfer coefficient for the reduction of
TCNE calculated from the Tafel plots corrected for MOLTEN ELECTROLYTEiNaAIC 4
sass transfer polarization are 3.6 x 10- A/cm

2 
and LIQUID CATHODE TCNE

0.1, respectively.
The mass transfer polarization Is also evident PLATINUMCURRENTCOLLECTOR

from the ac impedance Nyquist plot of TCNE (Figure 4)
which shows a single relaxation loop and a linearity LIQUIDSODIUM(ANODE)
between real and imaginary components of impedance.
The exchange current density and diffusion coefficient Fig. 1. Schematic representation of Na/f"-alumina
of TCNE in NaAIC14 obtained therefrom are 1.05 mA/cm

2  
Fig. (tin na ion electroltetes

and 2.3 x 10.22 cm2/. TCME (Pt in NaAlC., molten electrolyte test
cell.
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Fig. 2. Cyclic voltamogram of (10%) TCNE in NaAlCl. Platinum electrode (area: 6 cm') at 230*C.

on platinum electrode at 230'C at scan rate
of 1) 5mV/s, and 21 2 mV/s. The scale on Y
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Abstract No. 75
Electrochemlcal Investigations of Orgauodisalfides An Electrode Rotator and Speed Controller (Model

ASR, PINE instrument Co.) were used to modulate the
Meilin Liu. S. J. Visco. and L. C. De Joghe rotatio, speeds of a disk or ring-disk electrode.The limiting currents for reduction of the organic

Materials and Chemical Sciences Division disulfides and for oxidation of the thiolate anions
Lawrence Berkeley Laboratory were measured as a function of rotation speed. In

and conjunction with single-step potential chrono-
Department of Materials Science and Mineral Engineering amperometry or chronocoulometry, the RDE has been

University of California successfully used to determine n, the number of
Berkeley, CA 94720 electrons participating in the overall electrochemical

reaction.
A group of organic disulfides have been

recently introduced as positive electrodes for high- RESULTS AND DISCUSSIONS
energy-density battery applications[l]. The ad- Cyclic voltanmograms for different organic
vantages of these compounds includes low operating disulfides are shown in Fig,1. These voltammograms
temperature, high energy density, low cost, passive give direct insight into the kinetic and/or thermodynamic
behavior to many materials, and low toxicity, reversibility of the redox couple. Linear sweep
Furthermore, their properties can easily be modified voltammograms and the corresponding differential
by appropriate choice of the organic groups. To date, voltasmograms were used to determine the peak currents
however, the fundamental physical, chemical, and and potentials at diferent sweep rates. The fairly
electrochemical properties of these materials have not large peak separations and the linear relationship
been established. The purpose of this study is to L-tween E and in v indicate that the kinetics are
investigate the redox behavior, chemical stability and sluggish mnd the redox couples are kinetically or
reversibility, kinetic reversibility, and adsorption thermodynamically irreversible. In addition, the
phenomena of organodisulfides at electrode surfaces, transfer coefficents for charge transfer processes

were estimated from the dependence of peak potentials
EXPERIMENTAL on sweep rates.

Organic disulfides used in the experiment were Double-potential step chronocoulometric measure-
obtained from Aldrich and purified in our laboratory, ments indicated that the specific adsorption of these
as described by Visco et al (2). Sodium thiolate materials on platinum electrodes is negligible.
salts were either obtained from Aldrich or synthesized Voltammograms obtained at RDE indicated that chemi-
in our laboratory. Tetraethyl ammonium perchlorate sorption of alkali metal cations on platinum and
(TEAP) and tetramethyl ammonium chlorate (TMAC) were graphite electrodes is present.
obtained from Southwestern Analytical Chemicals. All The characteristic ratio of diffusion-controlled
solid compounds were recrystallized from appropriate charge, Q,4(

2
r)/Q (r) - 0.414, indicated that the

solvents, and kept under vaccum in a dessicator. systems stodied are chemically stable and reversible
Dimethylsulfoxide (DMSO). acetonitrile (AN), and under the experimental conditions. This microscopic
propylene carbonate (PC) were obtained from Aldrich reversibility is a fundamental criterion for a
and stored over molecular sieves in an argon atmos- secondary system in energy storage or conversion.
phere dry box. The number of electrons transferred, n, and

Three-electrode electroanalytical cells, with diffusion coefficients, D, were determined through the
platinum counter electrodes and Ag/AgCI reference measurement of the convective diffusion limited
electrodes, were used throughout the experiment, currents at a RDE in combination with the measurement
Platinum metal, graphite or glassy carbon electrodes of the diffusion limited current or the corresponding
were used as the working electrode, charge at a stationary electrode. The diffusion

In linear sweep voltammetry (LSV) or cyclic coefficients of neutral disulfides and thiolate anions
voltamnetry (CV), a linear or triangular potential in different solvents were calculated r the slopes
function, generated using a Potentiostat (Model 173, of linear chronoamperometri /id vs i/t 5) and linear
EG&E) in conjunction with a Universal programmer chronocoulometric (Q vs. t ) plots, and from Levich
(Model 175, EG&E), was applied to a stationary plots. The total number of electrons participating in
electrode immersed in a quiet solution. The cor- the electrode reaction was estimated to be 2, and
responding currents were measured as a function of therefore, the overall reaction takes the form of
potential or time and recorded with a Bascom-Turner RSSR + 2 e" 2 ( RS"
recorder. The sweep rates used in the study ranges where R represents a organic moiety.
from 10mv/sec to 10OOmv/sec.

In potential-step techniques, an excitarIn CONCLUSIONS
signal of one or more potential steps (with pulse These RSSR/Rs" couples are chemically revers-
width of 10-500 Isec), was generated from a IBM- ible, yet, kinetically slow. The overall electro-
PC/AT equipped with a data aquisition board (Data chemical redox reaction for this couple is RSSR + 2 e
Translation 2801-A) and Scientific ASYST/ASYSTANT . 2 ( RS' ). The microscopic reversibility of these
Software and interfaced to a PAR 173 potentiostat/ compounds makes it possible to construct rechargeable
Calvanostat. The computer controlled output signals batteries based on the organodisulfides. The sluggish
were applied to a stationary electrode immersed In a kinetics indicate that the introduction of suitable
quiet solution and the corresponding current or charge electrocatalysts to assist charge transfer will
response were measured as a function of time and probably prove useful in this system. Since the
acquired to the computer. adsorption of organic disulfides on platinum electrode

is negligible, the electrode kinetics can be
I- I -described using simple electrodic equations and

studied without consideration of surface coverage.

REFERENCES
r0 I  V 1. S. J. Visco, C. C. Mallhe, L. C. De Jonghe. and M.

B . Armand, J. Electrochem. Soc., submitted 1987.
2. S. J. Visco, this meeting.
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EFFECT OF R GROUPS ON Na/RSSR BATTERY CHARACTERISTICS rangel from 2.0 to 1.8 volts; discharge rates were 10
mA/cm at 1.2 volts t2l0O% of available capacity, and

S. J. Visco and L. C. De Jonghe recharged at 10 mA/cm at an average of 2.4 volts to
95% of capacity. The addition of an electrocatalyst,

Lawrence Berkeley Laboratory cobalt phthalocyanine ( CoPe ), boosted the charge/
Materials and Chemical Sciences Division discharge rates by a factor of five. Na/DMDS cell
1 Cyclotron Road, Berkeley, CA 94720 having I wt% CoPc were able to discharge at 50 mA/cm

for over 50% of available capacity ( fig. 1 )
corresponding to a power density of 25 W/Kg, and

Advanced secondary batteries operating at charge rates of approximately 20 mA/cm . The cells
intermediate temperatures, i.e. 100 to 200 C, have could be cycled up to three times before excessive
attracted considerable research interest die to their internal pressure led to cells leaks. The pressure
inherent advantages over higher temperature systems increase was attributed to slow chemical reduction of
such as the Na/S or Li/FeS batteries. Current work DMSO by thiomethoxide to yield CH SCH as well as
in this laboratory has intblved research on a novel electrochemical reduction of the sol

1
enP. The use of

class of intermediate temperature batteries based on a solvents less susceptible to reduction, such as
concept similar to the sodium/beta"-alumina/sulfur dimethyl sulfone, alleviated this problem.
batgery, but operating within the range of 100 to Positive electrodes were constructed using a
150 C, and having an organosulfur positive electrode series of aromatic disulfides, with 50 % solvent to
(1). The organosulfur electrodes are based on the ensure dissolution of cell products. Sodium/ phenyl
reversible electrochemical 2 electron reduction of the disulfide cells exhibited open ciruit voltages of 2.0
organo-disulfide to the corresponding thlo anion, volts2 and were able to discharge at rates of 7.5

RSSR + 2 e = 2 RS, mA/cm at 1.6 volts to 50 % of available capacity.
where R is an organic moiety. The oxidation of thiols The effect of fluorine substitution on cell per-
to disulfides has been long established, but has not formance was dramatic. Sodium/difluorophenyl di-
been considered previously in the context of energy sulfide cells exhibited open circuit vol~ages of 2.4
conversion. The attraction of such a generic organic volts and discharged at rates of 10 mA/cm to 90 % of
redox couple for battery research is the ability to available capacity. Sodium/dipentafluorophenyl di-
tailor the physical, chemical, and to a lesser extent sulfide cells exhibited open circuit voltages of 3.0
electrochemical properties of the molecule through volts, and were capable of similar discharge rates.
choice of the organic moiety. The viscosity, liquidus Sodium/alkoxyalkyl disulfide cells were assembled
range, dielectric constant, equivalent weight, and and cycled. The effect of incorporation of the ether
redox potential, of the organosulfur electrodes can in linkage in the disulfide appeared to be to increase
fact by varied in a predictable manner, the solubility of the sodium salts as well as to

increase chemical stability of the electrode. Thi
EXPERIMENTAL tested cells were able to cycle at 10 to 15 mA/cm

to full capacity without pressure increase or evidence
Methyl disulfide, Gold Label (Aldrich), was used of degradation of the solvent.

without further purification. Phenyl disulfide
(Aldrich), was recrystallized from ethanol prior to CONCLUSIONS
use. Difluorophenyl disulfide was made from the
oxidation of 4-fluorothiophenol (Aldrich) by iodine in Sodium/organosulfur batteries operating at
water, and subsequently extracted with petroleum intermediate temperatures ( 109 to 150 ) can be
ether, and finally distilled under reduced pressure. cycled at high rates, 50 mA/cm , for a fraction of
Dipentafluorophenyl disulfide was similarly made from available capacity, and at lower rates, 5 to 10 mA/cm
pentafluorothiophenol (Aldrich), which was purified by
recrystallization from ethanol. Ethoxyethyl disulfide for all of the available capacity. The open circuit
and Methoxyethyl disulfide were made by the reaction voltage of these cells as well as other properties can
of 2-chloroethyl ethyl ether and 2-chloroethyl methyl be manipulated in a predictable manner by choice of

ether with potassium hydrogen sulfide in methanol the R group in RSSR.

under pressure to yield the corresponding mercaptan; RRFERErES
the 8-ethrn'- 1kvl mercaptans were fractionally
d-l,.ld and In. p, ieu. w- pt.s t,..- t
disulfides which were distilled under reduced pressure 1. S. J. Visco, C. C. Mailhe, L. C. De Jonghe, and M.
prior to use. Transition metal phthalocyanines B Armand, ,' Elecrrochem. Soc., submitted 1987.

(Pfaltz and Bauer) were used as is. All solvents were
obtained from Aldrich and stored over molecular sieves 2. C. Mailhe, S. Visco, and L. C. De Jonghe, J.
in an argon atmosphere dry box prior to use. Electrochem, Soc., 134, 1121 (1987).

Beta"-alumina tubes ( 10 cm x I cm, .8 mm wall )
were filled with highly purified sodium metal (2). This work was supported by the United States Depart-
sealed with high temperature epoxy to an aluminum cap ment of Energy under Contract no. DE-ACO3-76FOO098.
through which a stainless wire contacted the sodium
metal electrode. The beta"-alumina tube/sodium ele-
trode was tightly wrapped in graphite felt and in-
serted into a stainless steel cell yielding approx-

imately 20 cm
2 

of electrolyte surface area. The cell
was sealed with silicone o-rings, and fitted with a C4 Reactim CH 4 2Na '2 NSCH3
transducer to monitor the internal pressure of the
positive electrode. All cells were subsequently
cycled galvanostatically under computer control using ICh'
a IBM PC/AT with a Data Translation 2801-A data
aquisltion card, interfaced to a PAR 373 Potentiostat/
Calvanostat, and an Omega PX600 pressure transducer

RESULTS

The theoretical energy density of a Na/CH SSCH
cell is 770 Whrs/Kg if the organosulfur electrdec ii
used without solvents. Solubility studies indicated
that an approximate weight ratio of DMSO to dimethyl W- 2

disulfide ( DDS ) o to I was sufficient to SA

completely dissolve the sodium thiomethoxide genersaed OWgO,
on cell discharge at the cell temperature of 110 C. a --
Accordingly, positive electrodes were assembled using S a s a s s so o
a range of 30% to 80% solvent to facilitate cell %DSHR
discharge. Open circuit voltage of the Na/DMOS cells

Fig. 1. Charge/discharge behavior of° a Na/CN3SSC 3cell at an operating temperature of Ill C.

116

-d ii i l I



Abstract No. 77

X-ray Absorption Study of p-Nickel Hydroxides

Patricia L. Loyselle and Bahne C. Cornilsen
Dept. of Chemistry and Chemical Engineering

Michigan Technological University
Houghton, MI 49931

Robert A. Condrate
New York State College of Ceramics f

Alfred UniversityAlfred, NY 14802 o0  i I

James C. PIillips
State University of New York X3 Beam Line, NSLS i

Brookhaven National Laboratory
Upton, NY 11973

The EXAFS spectrum for ordered f-Ni(ON) 2is interpreted in terms of the known crystal .6 8.6 12.6 16.6
structure for this material and compared with K (A

-1 )

the EXAFS spectra of disordered 9-type
hydroxides. The experimental pattern has
been fitted using crystallographic bond Figure 1. Calculated (dotted line) and
distances and coordination numbers for the experimental (solid line) EXAPS spectra of
first four shells (Figure 1). These recrystallized f-Ni
parameters are summarized in Table I. (0N)2.
Additional shells, at higher radii,
contribute to the spectrum but do not
correspond to crystallographic distances.
These may involve multiple scattering events.

A comparison of absorption edges (E0 )
for the ordered material with those for
disordered P-Ni(OH) 2 materials shows a
dramatic shift to higher energy for the Table I
latter. Shifts in E are known to be
dependent upon oxidation state, coordination Coordination Debye-Waller
number and type of bonding (1). These S Number Radius Factor
materials contain no active oxygen but do
exhibit unique Raman spectra which indicate Ni-o 6 2.116 0.067
coordination number changes (2). Ni-Ni 6 3.126 0.069

Ni-O 6 3.775 0.072

These results indicate that care must be Ni-o 6 3.938 0.077
taken when interpreting nickel edge shifts
for nickel electrode materials in terms of
oxidation state changes alone. A shift in E0
may result from a change in coordination References
number as well as oxidation state.
Coordination number changes are significant 1. J. C. J. Bart, Advances in Catalysis,
in beta-nickel hydroxides and are expected to Vol. 34, edited by D. D. Eley, H. Pines,
be significant in active mass as well. and Paul B. Weisz, Academic Press, Inc.,

New York, 1986, p.203
This work is part of a study of nickel

electrode "model compounds." The EXAFS 2. B. C. Cornilsen, P. J. Karjala, and P. L.
spectra were collected on the SUNY beamline, Loyselle, J. Power Sources, 22 (1988)
X21, at the National Synchrotron Light Source 351.
at Brookhaven National Laboratory. The Dept.
of Energy supported part of this research.
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In Situ Raman Spectra of the Nickel Electrode

Bahne C. Cornilsen and Patricia L. Loyselle
Dept. of Chemistry and Chemical Engineering

Michigan Technological University H \
Houghton, MI 49931

Extreme care must be taken to define the
starting material used in any electrochemical
study of a nickel electrode because of the
diversity of structures which can be produced
within the normal ranges of the experimental z
variables. The electrochemistry is strongly H

influenced by the precursor structure. H'

Diverse structural phases can be differen- U
tiated using laser Raman spectroscopy, phases
which cannot be distinguished using other
methods (1,2). Furthermore, unique solid u
state structural information can be extracted a
from the spectra. P

In situ Raman spectra of plaque
electrodes have been studied, under
controlled potential. Thin film electrodes
are compared with formed and cycled plaque
electrodes. The structural influence of
cobalt addition can be observed. These U
structures will be contrasted with the
cathodic alpha-phase precursor structure.
We have also shown that in situ spectra can
be collected during cyclic voltammetry scans
(Fig. 1). -300 -50 200 450 700

The in sicu results confirm conclusions POTENTIAL (mv vs Hg/HoO/KOH)

drawn from ex situ Raman spectra (1,2).
Spectra in Fig. 2 demonstrate the structural Figure 1. Simultaneous in siru Raman
similarity. 1) The spectra of active mass intensity at 550 cm (a) and cyclic
differ from those observed for the voltammogram (b).
traditional model compounds. 2) Discharged
active mass is not isostructural with a-
Ni(OH)2 nor with f-Ni(OH)2 . 3) The
structure of discharged active mass is more
closely related to that of charged active
mass. 4) Charged active mass has a
nonstoichiometric, non-close packed layered
structure in the NiOOH space group. These
results demonstrate the potential of in siru
Raman spectroscopy for the study of electrode
structures and their influence on the
electrochemistry.

This work has been f,upported by NASA-Lewis
Research Center.
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Cornilsen, p9rc. Svms. on Electrochemical
and Thermal Modeling of Battery. Fuel
Cell, and Photoenerov Conversion Systems,
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Structural Influence of Cobalt Addition 2. David H. Fritts, J.T. Maloy, J.
to the Nickel Electrode Electrochem. Soc., 12& (1978) 1026.

Xiaoyin Shan, Patricia L. Loyselle, and 3. P. L. Loyselle, P. J. Karjala, and S. C.
Bahne C. Cornilsen Cornilsen, Proc. Symp. on Electrochemical

and Thermal Modeling of Battery. FuelDepartment of Chemistry Cell, and Photoenerov Conversion Systems,and Chemical Engineering edited by J. R. Selman and H. C. Maru,

Electrochemical Society, Pennington, NJ,
Michigan Technological University 1986, p. 114.

Houghton, MI 49931
4. B. C. Cornilsen, P. J. Karjala, and P. L.Cobalt is added to nickel electrodes to Loyselle, J. Power Sources, 22 (1988)

improve electrochemical properties such as 351.
capacity, conductivity, and cycle life (1,2).
The objective of the research discussed today
is to develop an understanding of how the
cobalt improves the electrode, from a
structural point of view. To do this we have
studied the structures of electrode
precursors (cathodic alpha phases) before and
after cycling in KOH. The influence of
cobalt has been measured by varying the
cobalt concentration and comparing doped to
undoped materials. Structure changes have
been monitored using cyclic voltammetry and
vibrational spectra, Raman and FT-IR
spectroscopy.

Without cobalt, as deposited materials
and cycled materials have different
structures (3,4). However, the addition of
cobalt enhances this difference. The
structure of the cobalt containing cathodic
deposit is drastically different from that
deposited without cobalt (see Fig.1). a a)
Variation of the cobalt concentration also
influences the structure of the precursor.
After charging and cycling, spectra indicate
that the active mass incorporates the cobalt
by substitution on nickel sites in the
nonstoichiometric NiOOH-type oxyhydroxide.
We propose that the cobalt stabilizes a
unique and optimum, nonstoichiometric NiOOH

structure. Our earlier spectroscopic results
showed that active mass contains significant W
nonstoichiometry which enhances proton and
electronic conductivities in the solid state
(3,4).

These results suggest that cobalt bJ
controls the structure of the active mass by
way of controlling the precursor structure.
Design of an optimum precursor structure
(including the optimum nonstoichiometry) will
allow control and improvement of
electrochemical properties.

640 480 320

References .-K WAVENUMBER

1. A. H. Zimmerman and P. K. Effa, J Figure 1. Raman spectrum of cathodic
Electrochem. Soc., 11 (1984) 709. s-Ni(OH) 2 in the lattice mode region;

a) containing 10 % cobalt, and
b) without cobalt.
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Abstract No. 80

Effect of Cobalt on Fibrous Nickel Hydroxide When cycled after pressing, electrodes with low
Electrodes cobalt content often showed a dramatic capacity loss,

probably as the result of the separation of the active
HH. H. Law material from the current collector during pressing due
J. Sapleta to the brittleness of the active material. Electrodes with

AT&T Bell Laboratories higher cobalt content were unlikely to suffer this

Murray Hill, New Jersey 07974 capacity loss, and electrodes containing 15% cobalt
frequently had capacity gains of up to 25% after

The nickel-cadmium battery, known for its long pressing.
cycle life and high energy density, is likely to remain The capacity change due to pressing clearly depends
the rechargeable battery of choice for some time to The capact conteto re c earl This

on the cobalt content of the active material. This
come. It is therefore desirable to increase its energy dependence demonstrates directly that when the active
density. Our recent work [I explored the possibility of material contains at least 5% cobalt, it is much less
improving the specific energy by employing a fibrous bri l contais s e astve t o t , it le r

nickel mesh. Fibrex*, as the electrode substrate. The brittle and less sensitive to stress, leading to 2, longer

Fibrex electrodes that were initially prepared had abou cycle life. It also confirms what was previously

the same energy density by weight as the sintered deduced by Fritts [21, that the addition of cobalt to

niel seetrdensi y ommn useita, thu about nickel hydroxide electrodes results in strongly modified-nickel electrodes in common use today, though elsiapoetisooteatiemteil

20-30% less energy per volume. Initial results showed elastic propenies of the active material.
that cobalt improved the electrode performance. References

In the present study, an effort was made to [1] H. H. Law and J. Sapjeta, Proc. of the 22nd
characterize the influence of co-precipitation of cobalt Intersociety Energy Conversion Engineering
hydroxide on Fibrex electrodes. Fritts 12] has attributed Conference. Philadelphia, PA, Aug. 10-14. 1987.
the beneficial effect of cobalt addition to improved
mechanical properties of the sintered nickel hydroxide 121 D. H. Fritts, J. Electrochem. Soc.. 129, 118

electrode, based on his observation that the rigidity of (1982).
the active material is reduced in the presence of cobalt.
Fibrex electrodes, having much more active material per
unit surface area than sintered electrodes, would be
more sensitive to effects caused by physical changes in
the active material. The fibrous substrate is also a good
medium for detecting such changes because it is
somewhat flexible and thus does not hold the thickness
of the electrode constant.

As a result of this non-rigid structure, the degree of
swelling of Fibrex electrodes upon discharge is
significant, as much as 17%. Since swelling of this
magnitude is unacceptable in actual battery operation.
electrodes were pressed to try and reduce it. A pressure
of 1000 psi was chosen as the desired applied pressure
because it contained swelling to within 5%.

The reduction of swelling caused by pressing is
inversely proportional to the cobalt content of the
electrode. This result indicates that cobalt increases the
elasticity of the active material, and makes the electrode
performance less sensitive to both the internal stress
incurred during charge/discharge cycling (as evidenced
by reduced swelling) and to an external stress such as
pressing.

* Trademark of National-Standard Company, Niles, Michigan.
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Abstract N,. 81

IMPEDANCES OF NICKEL HYDROXIDE ELECTRODES AS SOC is shown in Fig. 1. The electrode had been

FJNCTIONS OF POTENTIAL AND ELECTRODE TYPE held at 0.200 V vs the Hg/HgO electrode for 1
hour after the formation cycles. The circuit

Margaret A. Reid for the cell at a few percent SOC (0.200 - 0.250

Electrochemical Technology Branch V vs Hg/HgO) can be expressed to a first
NASA Lewis Research Center approximation as a typical series-parallel

Cleveland, OH 44135 circuit with a Warburg impedance term (Fig. 2).
The semicircle is slightly depressed. At higher
voltages, above about 10 % SOC (Fig. 3), the

Introduction: only measurable quantity is the Warburg
coefficient, while at lower voltages (Fig. 4)

A number of studies have been made of the usually only the IR drop and the left-hand

impedance spectra of nickel hydroxide electrodes portion of the semicircle can be measured
and Ni/Cd batteries using a variety of accurately.

techniques (1-6). Zimmerman (1) has measured
the impedances of nickel electrodes during The parallel resistance associated with the

discharge by following the voltage changes after semicircle has been attributed to charge

a step in the discharge current. He and others transfer resistance and/or boundary layer

have found that impedance increases dramatically conduction (1). Since the magnitude appears to
at low states of charge. change with voltage in the same manner as the

Warburg coefficient, we feel that it is probably

Our studies have shown that the impedance varies associated with the boundary layer conduction
not only with voltage but with the manufacturing process.
method, and that impedance parameters even vary
considerably for electrodes from manufacturing The changes of the Warburg coefficient with
lot to lot and within the same lot. We are equilibrium voltage for a typical chemically
studying the possibility of using the impedance impregnated electrode are depicted in Fig. 5.
method as a tool for predicting the life and Measurements were started in the charged state
performance of Ni electrodes and complete after the electrode had been cycled three times
Ni/H2 cells. Investigators at Rockwell and at the C rate. After each measurement the
Jet Propulsion Laboratory (3) have attempted voltage was lowered and the electrode held at
this for a number of Ni/Cd cells and have seen the r,,w potential for at least one hour. After
some possible correlations. Their measurements reaching 0.2 V the potential was increased
were taken only for the fully discharged state again. In agreement with others, we attribute
after being short-circuited for a day. the hysteresis to the formation of a resistive
Impedance curves for Ni/H2 cells are similar layer of lower valent hydroxide adjacent to the
to those of the Ni/Cd cells. We are making sinter which is only slowly oxidized.
measu' ments at other states of charge and are
also .aking half-cell measurements on several Table 1 shows the Warburg coefficient of a
types of electrodes in order to find the number of electrochemically impregnated
conditions that provide the best correlation electrodes from the same manufacturer.
with life and performance. Measurements were made after equilibratio for

an hour at 0.200 V after the formation cycles.
Experimental: Substantial variations are evident.

Since impedance is sensitive to the voltage and Conclusions:
the time that the electrode has been held at
that voltage, spectra were measured after the The impedance of a nickel electrode increases
electrodes had been equilibrated at the desired slightly during discharge until it is over 95%
voltage. Electrodes prepared by chemical discharged at which point it increases by about
impregnation and by aqueous and alcoholic two orders of magnitude. There is considerable
imp-r nation were studied. hysteresis. The impedance of electrodes

prepared by different impregnation procedures

All electrodes had a sintered Ni substrate and varies considerably, and even with the same
were impregnated to about 1.6 g/cc v.'d. The process there is variation from lot to lot and
electrolyte was 31% KOH, and the reference within lots. We hope to correlate these
electrode was Hg/HgO. M~asurements of the diff'rences with life and performance.
electrochemically impregnated electrodes were
taken after 10 formation cycles, the first five References:
at C/lO charge for 16 hours and C/4 discharge to
a voltage of ;.0 V vs an amalgamated Zn 1. A. Zimmerman, M. R. Martinelli, M. C.
electrode (-0.42 V vs a Hg/HgO electrode), the Janecki, and C. C. Badcock, J.
last five cycles at a C/2 charge rate with 10% Electrochem. Soc. 129, 289 (1g82).

overcharge followed by a C/4 discharge. . A. H. Zimmerman, JTIower Sources 12,
233 (1984).

Impedance measurements were made with the PAR 3. R. Haak, C. Ogden, D. Tench and S. ni

378 potentiostat and M378 software. This uses a Stefano, J. Power Sources 12, 289 (199e)

synthesized wave form with an FFT to deconvolute 4. R. T. Barton, R. Leek, S. r- . R.

the results, Experiments were carried out from Karunathilaka and N. A. Hampson, J.
5-10 Hz down to 0.0007 Hz. Above 10-20 Hz the Appl. Electrochem. 15, 399 (1985).
inductance predominates. 5. P. Delorme, J. M. Ha-Fismendy, and M.

Comsat, ESA report, Contract 4999/82.
Results: 6. S. J. Lenhart, D. D. MacDonald and B. G.

Pound, 19th IECEC Meeting, 875 (1984).

The impedance spectra of a typical electro-
chemically impregnated electrode at about 1-2%



/60

N 
No

Z' (o hms) Z" (ohms)

Fig. 4. Impedance of typical
1 .I. Impedance of ticlelectroch 

emicall y impregnated

electrochemically impregnated 
electrode at 0.400 V vs Hg/HgO.

electrode at 0.200 V vs Hg/HgO.

RsC V0.24

-0-0

Fig. 2. Circuit dialran for nickel 
-e8

nydroxide e;ectrode. 
CC4 028 CCC C 08

Fi g. ,-arbur coefricient of CC0ica! y
,)prennated electrode as function

of voltage.

TaLle 1

1ARIAONS 0' WARUGOEFFICIENT OF AN

L1CTR0Cj11CALY M:PREG'ATE EEC RNE

4.2 4.:TNIN LOTS AND BETE[N LOTS

0.14
0.02 Z" (ohms) Electrode Warburp joeffi)ent

and Lot (Ohm c", Se,
"

o*g. 3. impedance of typical

electrocherically impregnated 
A 4.02

electrode at 0.050 V vs gg/HqO, 2A .is

3, 1 .29
4A 2.19
5A 2.35

6A 2.57
'IB i .g90

21 11
3B 4".14



Abstract No. 82

AC IMPEl ANCE STUDIES Fig.2 shows the plots of log )Z versus log frequency
ON NICKEL OXIDE ELECTRODE of nickel oxide electrodes at different exposure time to

hydrogen. It is evident that the impedance of the nickel
K.A.Murugesamoorthi, Y.J. Kim, S. Srinivasan oxide electrode increases with time when it is exposed

and A.J. Appleby to hydrogen. When the specimen was exposed to
argon, no significant change in the impedance was

Center for Electrochemical Systems obnserved.
and Hydrogen Research
238 Weisenbaker ERC The above results are in good agreement with data of
Texas A & M University cyclic voltametry [4).

College Station, TX 77843
AC;KNOWLEDGEMENT*

INTRODUCTION: The authors thank Dr.J. McBreen, Brookhaven

Ni-H 2 batteries are widely used in space applications National Laboratory, for useful discussions.

due to their advantages like long cycle life, higher REFERENCES:
operating current denisty, overcharge/overdischarge
protection, pressure indication of state of charge etc. 1. T. Osaka and Y. Yatusuda,Electrochim. Acta 22..
However, the self discharge rate of the Ni-H 2 battery p 677 (1984).
(about 10% per day) is much higher. Usually hydrogen 2. S.J. Lenhant, D.D. Macdonald and B.G. Pound,
is stored under high pressure in these cells (about 30 to NASA Conference Publication 2484, p 257 (1987).
40 atmospheres). Hence it is strongly suspected that the 3 M.J. Madou and M.C.M. Mckubre, J.
high self discharge rate is caused by hydrogen. Electrochem.Soc., 1_.0(5) 1056 (1983).
Hydrogen may cross over to the nickel oxide electrode 4. Y.J. Kim, K.A. Murugesamoorthi, S. Srinivasan and
either through the electrolyte or externally. An attempt A.J. Appleby, Also to be presented in this ECS
was made to find the effect of hydrogen on the self meeting.
discharge of nickel oxide electrodes by AC impedance
measurement. The impedance technique has been
used to find the slate of charge of the various cells 1 -31.

1.4- a Argon

EXPERIMENTAL: 1.2- 9 H2,Ihr.

Nickel hydroxide film was deposited on clean nickel 10 9'.

foil (1.2 x 2.75 cm) by electrochemical deposition from Ri 0.8
2M nickel nitrate solution at 751C by applying a cathodic 06
current of 80 mAlcm

2
. 20.6

The film composition was confirmed by X-ray 0.4-
diffraction. Platinum spiral and zinc wire were used as
counter and reference electrodes respectively. The 0.2-
reference electrode was kept in a separate 0.0
compartment. The electrolyte was 30 % KOH. AC 0.0
impedance measurements were carried out from 0.01 -3 -1 lu 5
Hz to 80 KHz at 251C by using EG&G Model 273 log frequency li

Potentiostat/Galvanostat and Model 5301A Fig.1 log frequency vs. log)Z I of the fully charged nickel
Lock-In-Amplifier with Model 5315 Preamplifier. oxide electrode under argon and hydrogen.
Provision was made to bubble argon or hydrogen into
the electrolyte. The nickel oxide electrode was charged 1.3.
at the rate of C/10 and discharged at C/5 rate. After a H2. I hr
several charge /discharge cycles, the AC impedance d d H2, 4 hr
measurements were made at a potential of 1.95 Von a * a* 0 H2.10hr
fully charged electrode. A 5 mV AC signal was used for 1.2 -a*
the impedance measurements. 1 11

RESULTS AND DISCUSSION- 11 0 =,•

Fig. 1 shows the plot of log frequency versus log IZJ for 139

the specimen exposed to argon and hydrogen for one a

hour. The impedance of the electrode was increased 10 1 - .
when it is exposed to hydrogen, This increase in .0 0.0 1 0
impedance suggests a decrease in the state of charge. log frequency
This may be due to the partial transformation of more Fig.2 Effect of hydrogen Pxposure on impedance of
conducting NiOOH to less conducting Ni(OH) 2. nickel oxide electrode.

i I I I I I I I II I I II I.
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On the Nature of Cadmium Electrode Capacity Fading mium electrode fading in general, or if the osserved
mechanism is characteristic of high temperatre
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The fading of capacity in cadmium electrodes which this work could not have been accompl ishned.
under cycling conditions, for example in nickel-cad
miam batteries, is a well known phenomena. To com- References
pensate for this gradual loss of capacity, the
stoichiometry of cickel-cadmium cells is generally 1. K. L. Dick. T, Dickinson. R. J. Dcra, SEA
heavily in favor of the cadmium electrode; typically Pomroy, and J. Thompson, in "Power Sources 7,"
1.5 to 1, The cause of capacity fading has been J. Thompson, Editor, p. 195, Academic Press, Lcndcn
generally attributed to the inability to fully (19791.
recover the discharge product, CdIOHI upon
recharging the cell. Cd(OH)2 crystal v he been 2. S. W. Mayer, Journal of the Electrochemical
shown to become electrically sclated or presumed to Society, 123, 159 (1976).
be such (1,2) by many investigators.

3. D. H. Fritts, and R. E. Dueber, Jturnal cf the
In this work precise measurements of the resist- Electrochemical Society, 132, 2039 11985).

once change that occurs when a cadmium electrode is
cycled was used to quantify the degree of capacity
fading. In Figure 1 an equivalent circuit of a cad-
mium electrode is shown. It is simply two resistors
in parallel with one being the active material and
the other being a fixed resistance due tc the
nickel sinter suastrate. The resistance change is F.Ire I
apparent from 'he half cell reaction. Cadmim Electrode Equivalert Circ.it

Cd - 2 0OH + 2e - Cd [OH )2  
El ctro i

M 1ii Ctadmim
where cadmium is in electronic conductor and Cd(OH1 2
i. lot. Thus when charged the resistance of a coad-
mium electrode is less than when it is discharged.

To obtain the data a three electrode test cell
faricst ;chcre 7hc cadmium olcotrode was

placed between two nickel hydroxide electrodes. The
electrolyte was 31-. KOH. The stoichiometry was in
lanr of the nickel-Inydroxide electrodes. It is
thus assumed the cadmium electrode was limiting the
capacity. iikni si r

The resistance was measured by continuously pass-
ing a one amp test current through the cadmium elec-
trode in a circuit independent of the charge-dis-
charge circuit. During an actual resistance
measurement the charge-discharge circuit was opened
ind the voltage drop due to the test current
measured. A characteristic value of resistance was
35 m-a with a resolution of less tetam lqp C3

In Figure 2, the resistance, cell internal temp-
erature, and cell amp-hour status are plotted. lote
that the resistance gets less with dcreasing cell
capacity.

Bated on the previous discussion, it wouldl sem M
that as the cadmium electrode's capacity, fades the
resistance would rise as less and less nsterisI is'{ TYiVlVVhntlV\VeKk2f
available for recharging. What is observed is just
the opposite, i.e., the resistance declines with I '-

capacity fading. This implies that capacity fading
is due to the isolation of metallic cadmium during -, , ,, .n , , .w . ., - , , ,
discharge. This would be consistent with the results
of Fritts and Dueber (3) 4f the cadmium deposition -

was thicker than 3.5 A I0 cm, which was found to be
a thar-cteristic physical depth of discharge for cad-
mim p"sta ion.

At present al the data has been ccllected at the
above temperature as the capacity fading is very
pparent at this point. Additional testing is being

dlne at other temperatures to determine if th, hehav-
i~e reperted herein is a val id nnhervain ior cad-
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STUDY ON SELF-DISCHARGE OF A METAL HYDRIDE (d)Next, the effect of separator on the self-
RECHARGEABLE BATTERY SYSTEM EMPLOYING discharge was studied with the Ni-Cd battery

OnNi5_xMx ALLOY whose negative plate was considered to give
M.Ikoma, Y.Ito, I.Matsumoto and H.Ogawa no metal ion, except Cd ion, and the result is

shown in Fig. 3. When PA is used, the capac-

Technology Laboratory ity retention is 45 to 50% after 30 days stor-
Matsushita Battery Industrial Co., Ltd. age at 45CC. When PP and h-PP are used, the

1, Matsushita-cho, Moriguchi capacity retentions are 55 to 60% and 75% re-
Osaka 570, Japan spectively. These results exhibit almost the

same tendency to the Ni-H(MH) battery (Fig.l)
1.INTRODUCTION and it became clear that the stabler separator

Recently, researches to develop Ni-H(MH) against electrolyte is used, the more the
battery employing hydrogen stoage alloy o5 self-discharge is decreased.
multicomponent LaNi 5  * MsNi5  ,and Ti-Ni ~ From these results, it is considered that
have been done extensively. But this battery organic impurities which is dissolved trom the
has a disadvantage, that is, its self- ognciprte hc sdsovdfo h
discharge is extremely larger than Ni-Cd bat- separator, accelerate the self-discharge.
tery. Then, the decomposed products from PA were

So, various factors accelerating the studies by IR spectroscopy and absorptions
self-discharge in the sealed-type Ni-H(eH) which are assigned to carboxylate and amine
stel-icArgsie) nd he sealed- eni- we were found. Ammonium ion is found with ion-
battery (AA size) and its mechanism were chromatograph. From these facts, it is con-

studied. The impurities from electrodes and sidered that PAFismhyrolyzedctoformisecan-
especially from the separator were decreased, sidered that PA is hydrolyzed to form hexame-
and the performance of self-discharge was im- thylenediamine, ammonia, and adipate ion.
anoed the performanc of sel-dhatrg wThen these impurities are added into electro-
proved as same as that of Ni-Cd battery. lyle and effect of them on the self-discharge

2.EXPERIMENTAL was studied with chemically stable h-PP. The
The negative electrode used an alloy pow- results are shown in Fig. 4. As for amine and

der with formula MmNis-xMx(Mm: Misch metal, ammonia as well as NO3, it became clear that
M: Mn, Al, and Co). As the positive electrode the self-discharge is accelerated with increase
foamed nickel positive plate 

) 
was used. As in concentration of them. Consequently, when

the separator non-woven fabric made of poly- PA is used as the separator of Ni-H(MH) bat-
amide (PA) and polypropylene (PP, included tery, amine and ammonia take part in the redox
surfactant) and non-woven fabric whose main reaction as well as NO3-3) in Ni-Cd b3ttery, an-'
material was a chemically stable polypropylene the self-discharge is accelerated (Fiq.5).
with hydrophilic property (h-PP) were used. (e) But Ni-H(MH) battery has large self-

3.RESULTS AND DISCUSSION discharge than Ni-Cd battery even when impur-
Self-discharge of Ni-H(MH) battery using ities are checked by usinq h-PP. Then metal

.hiNi3 .55Mn0.4A10 .3Co 0 .75 and h-PP is shown in ions are considered to accelerate the self-
Fig. 1. As the reference, characteristics of discharge. Alloy powder represented by the
Ni-H(MH) battery using PA and Ni-Cd battery formula MnNi3.95-xMnxAlO.3Co0.75 was used as
are also shown on the same figure. When PA is the negative electrode, and the self-discharoc
used, capacity retention became almost 0% af- was studied. The results are shown in Fic. 6.
ter 14 days storage at 45

0
C. In contrast of When number of substituted atoms increases

this, when h-PP is used, capacity retention from 0.2 to 0.4, capacity retention increases
became 50 to 55% after 30 days storage, that from 24% to 54%. Though the cause of this
is, the self-discharge is extremely decreased phenomenon is being discussed now, it seems
and th characteristic of this battery could that the suitable substitution of Mn decreases
be improved to the level of Ni-Cd battery, the elusion of cobalt from the alloy.

Here, the following 5 items are taken as I.CONCLUSION
the factors which have effects on the self- To decrease self-discharge, it is mcci-
discharge and the effect of each item was dis- tant to use chemically stable separator even
cussed.
(a)Self-decomposition rate of positive plate at high temperature. The self-discharge of

Ni-H(MH) battery in which comparatively stable(b)Nitrate ion in positive electrode hydrogen storage alloy is used, it also i -
(c)Oxygen and hydrogen gases proved to the level where it can be used rrac-
(d)Organic impurities from the separator tically without any problem.
(e)Metal ions from the hydrogen storage alloy

5. REFERENCES
(a) The self-decomposition rate of positive 1) J.J.D.Willems; Phillips J.Res., 39, No.1

plate was studied by experiments with a half- (1984)

cell and the results are shown in Fig. 3. It 2) M.Ikoma, et at.; The 27th Battery Smpos-
was recognized that the positive electrode oc- ium in Japan, 89 (1986)
curs self-decomposition of 20 to 22% after 30 3) E.Sapru, ci al.; U.S.Putent, No.4, 551,413
days storage at 45'C. (1985)

(b) In this experiment, the nitrate ion free 4) I.Matsumoto, etal.; Presented at the ltl
positive plate is used, so it is impossible Power Source Symposium (1988)
that nitrate anion relates the redox reaction 5) S.U.Falk, ct al.; Alkaline Storage Bat-
of the electrodes. teries, 631 (1969)

(c)Then, the influence of oxygen and hydrogen
ases on the self-discharge were studied with

a half cell. As the result, influence of oxy-
;en is hardly recognized in the range of the
partial pressure, 0 to 20t(Fig.2). Also, it
oecame cleair that hydrogen of partial pros-
sure, 1 atm or less, scarcely affects rLedtc-
tion reaction of the positive electrode.
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A NEW THERMALLY STABLE AgO CATHODE MATERIAL RESULTS AND DISCUSSION

The determination of the Arrhenius activation

K, M. O'Neill, D. R. Glen, energy, Ea, pre-exponential factor. Z, and specific

S. Dallek, and B. F. Larrick rate constant, k, by TO for the AgO decomposition

Electrochemistry Branch reaction was discussed earlier (5). Transition metal

impurities, particularly copper, that may become

A. N. Mansour incorporated into the cathode during the

Materials Evaluation Branch electrochemical formation procedure were shown to be a

major cause of AgO destabilization (6). Pure EP AgO

Naval Surface Warfare Center cathodes containing very low concentrations of

Silver Spring, MD 20903-5000 transition metals (e.g., Ni. Co. Cu 10 ppm) were

shown to have much higher thermal stability.

INTRODUCTION As part of a comprehensive stability improvement
program, we modified the standard charging procedure

Silver oxide/zinc (AgO/Zn) batteries are widely of sintered silver plates by performing the charging

used as power sources in various commercial, military at elevated temperatures (343-383 K). It was

and aerospace applications. AgO cathodes prepared postulated that AgO material formed at high

electrochemically by anodization of sintered silver temperature should possess superior thermal stability

plates in aqueous KOH electrolyte (I) are used in The format c- of less stable modifications of the

high-rate batteries. AgO material prepared chemically material would be impeuee tsrung the preparation

by persulfate oxidation of aqueous alkaline solutions procedure, (It should be noted also that thermally

of AgNO 3  (2) or by ozonization (3) is used for stable CP material is synthesized at elevated

low-rate applications, temperature (2)). The new material was found to have
extremely high thermal stability with an Ea of 146 ki

The anomalously high thermal decomposition rate of mol 
I
. The Ea values of other EP AgO materials

numerous electrochemically prepared (EP) AgO cathode reported earlier (5) ranged from 100 to 133 kc mo1-1

materials used in primary reserve AgO/Zn batteries has The excellent thermal stability of the new material

been a persistent problem for battery manufacturers, was confirmed by an accelerated-aging study. No

Capacity losses, pressure build-ups, activation time measurable AgO decomposition was found after 21 days

delays, and voltage regulation problema hae all been storage at 333 K, whereas up to 15 I decomposition was

attributed to the thermal decomposition of the AgO measured for other AgO samples, in excellent agreement

cathode during storage of the battery (4). with the calculated TG kinetics parameters,

We have recently reported on the decomposition Combined TG, x-ray diffraction (RD). extended

kinetics of AgO cathode materials by thermogravimetry x-ray absorption fine structure (EXAFS) studies have

(TO) (5-7). These studies showed a tremendous range shown that the lattice structure of EP AgO can be

of thermal stability among a wide variety of CP and EP highly oxygen-deficient (10). The correlation between

AgO cathode materials. In general, however, the CP thermal stability and structure of AgO cathode

samples had much higher thermal stability than the EP materials is discussed in another paper (11

samples.

In this paper, we report on the preparation REFERENCES

procedure and decomposition kinetics of a new EP AgO I .12. Falk and A. Fleischer. in "Zinc-Silver Oxide
cathode material that has extremely high thermal Battris, A. lesher an"in.-Lander Edir
stability. The thermal stability of the new material Batteries," A. Fleischer and ,J. Lander, Editors,
was determined by thermogravlmetry (TG). An pp. 199-207, John Wiley and Sons, New York (l57-1
accelerated-aging study of the new material and other 2 R. Hamer and J. Kleinberg. in "Inorganic

AgO cathode materials was conducted, based on a Syntheses" Vo Ii. J.C Jr., Editor.
typical military specification temperature/time test pp.12-14. McGraw Hill Book 'opa-, New York

regime. The amount of AgO decomposition was then 1953).
compared with the decomposition rate predicted from 3 A.S. McKie and D. Clark. in "Battecies" D H
the kinetic parameters determined by TG. COllins,. Editor. pp. 285-29s. The Macmillan

Company, New York (1963.
4 "Zinc-Silver Oxide Batteries " A Fleischer and .J

EXPERIMENTAL J Lander, Editors. John Wiles and Sons, New Yck
((971).

EP AgO cathodes were formed by galvanostatte 5 S. Dallek, W.A West. and B F. Larrick,

charging of sintered silver plates at current Eletroche S c .Oln, 2451 'l la6 d F
densities of 2-4 mA/cm

2 
over a range of temperatures S Dallek, D.R. len K N 'eill. and B F

from 298 K to 383 K in 31 t KOH electrolyte. Numerous nalysis Society Conf , Washington, DC. 1h7e-
additional EP and CP samples were obtained from September 1987.
commercial sources. TG studies were performed with a Dallek, OR. Olen. K H. O'Neill. P.F Larrick
DuPont 9900 thermal analysis system interfaced to a Extee Asra n. 5 The 7 E h
951 TGA module. The composition of the cathode was
determined by a combined thermogravimetry-gas Soc. Meeting, Honolulu. HI, 18-23 October 198'
chromatography (TG-CC) method reported earlier (8). 8 W.A. Parkhurst. S Dallek. and BF Larrick. I
The decomposition kinetics of AgO was determined by a ElectrocLem. So a. l_,. e3Q (1984)
multIple-heating-rate TG method (9) applied previously 9 J )H. Flynn and . A Wall. Polymer Letters. - 32
to AgO stability studies (5). TG samples were run in (6.8. n
platinum boats at heating rates of 1.0-20.0 K/min over MA an Dnso.r, S. D1anek, K M O'Neill. C V

Anderson, 0.8. Glen, and B P. Larrlck. Extendedia temperature rane of 298-773 K in a flowing Abstract No. 152, The '2nd Electrochem So,-
atmosphere (50 cma/mln) of dry helium. A Shimadzu
OC-9A gas chromatograph was used for the GC ei A.N. M nolur, C ,R Anderson. M K Nor, S Dal16
measurements, Accelerated-aging studies were K M. O'Neill. D R Glen, and B F laI- cik Thi'.
conducted at 333 K for 21 days in a vacuum oven. Meeting. Chicago, It.. q-14 October 1089

I '5
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RESULTS AND DISCUSSION

STRUCTURE AND STABILITY OF Ago Because of EXAFS sensitivity to the local
A. N. Mansour, C. R. Anderson, and M. K. Norr rather than the long range structure in

Materials Evaluation Branch materials, it is uniquely suited for
And detecting electrochemically induced small

S. Dallek, D. R. Glen, structural variations. EXAFI provides

K. M. O'eill, and B. F. Larrick information regarding the interaction of
Electrochemistry Branch oxygen with silver which is essential to

understand the decomposition mechanism.
nWarfare Center Aalyse; of EXAFS data proved that the

Naval Sre Hapdominant product produced by the anodization
10901 Sew Bampsire Avenue of sintered silver plates is an oxygen-
Silver SpringMD 20903-5000 deficient form of AgO.b6] That is, AgOl_5 is

INTRODUCTION formed rather than a mixture of separate
phases of stoichiometric Ago and Ag20 as

Silver oxidelzinc alkaline batteries have previously thought. The degree of oxygen

found numerous commercial and military deficiency, 6, depends on preparation

applications as primary power sources due to procedures and can take on values betweec

their high energy and power densities. The 0.00 and 0.25. A few of the EF-AgO cathodes

electrochemically and chemically prepared Ago contained almost entirely Ag4 03 (i.e, AgOl_5
(EP and CP-AgO) cathodes are used for high with S=0.25). The atomic structure of this

and low rate applications, respectively. EF- phase is derived from that of AgO[7] by

Ago is thermally less stable than CP-AgO and cre~ting one oxygen vacancy adjacent to eachuf the Ag+l ions without altering the
its decomposition rate is excessively high s r t he A ions .i thus. g in

for many applications, leading to performance structure near the Ag ions. Thus, Ag
+ 3 

in
degradation problems. Tremendous variations the Ago lattice is converted to Ag' in Ag4 03degrdaton poblms.Tremndos vaiatons in agreement with our XPS results and within the thermal stability of dry EP-AgO occur eare results nceandhae benfoud o dped o pepaaton earlier results which indicated the presenceand have been found to depend on preparation of paramagnetic centers in CP-AgO.
procedures./l,2] Electrochemically induced of pa tient in mingOo
structural and physical varia~ions could play B RD patterns of K-AgO consist mainly of
an important role in controlling the Bragg diffraction lines whose posicions are
decomposition rate . Therefore. an improved characteristic of CP-AgO but whose full width

knowledge of the structure and physical at half maximum are significantly broader.

properties of EP-AgO as a function of The degree of broadening was found to vary

preparation procedures could prove invaluable with preparation procedures and to increaseprepraton rocdurs cold rov inaluble with an increase in 6. 3RD compositional
to the solution of thermal instability. In ana showeat fo ms but otial

this paper, a combination of techniques analyses showed that for most, but not all,

including extended x-ray absorption fine cathodes at least one of the phases Ag, Ag20,
or Ag2CO 3 was present in small quantities.structure (SAPS, a-ray diffraction (XRD), With structural insights from the EXAFS

a-ray photoelectron spectroscopy (XFS), results, a new approach based on TG and XRD
scanning electron microscopy (SEM), which takes into account the existence of
thermogravimetry (TG). and gas chromatography whygen-deint as bee eveoe f
G C) have been u sead to determine the oxygen -def icilent AgO has beei developed for

the quantitative analysis el Ago cathodes.
structure. composition, morphology, and This model provides an altesnative approach
stability of Ago cathodes. From the results, to EXAPS for the dererminaton of S. rhis
we developed a model for the stability of Ago allows the ready correlation of S with the
mat e ri als. stability of the material. TG analyses
EXPERIMENTAL indicated that the stability of Ago cathodesis a strong function of oxygen-deficiency and

SP-AgO cathodes were produced by means of particle size,

constant current anodization of sintered
silver plates.(3] Plates were charged in 31
or 40 wt Z KOH in distilled water at various
apparent surface current densities. The 1. S. Dallek, W.A. Wst, and B.F. Larrick. J.
effects of charge-discharge cycling as well Electrochem. Soc.. 13 , 2451 (1986).
as the temperature of the electrolyte were 2. K.M. O'Neill. D.R. Glen. S. Dallek. B.F.
investigated. A Norelco XRD unit with copper Larrick, and A.N. flansour, xtended
x-rays and a nickel filter was used for bulk Abstract, The Electrochemical So -iety
compositional analyses. A Kratos ES300 XPS Meeting. Chicago. 11. 9-14 October 1908.
with a dual Al/Mg x-ray anodes was used for 3. S.. Falk and A. Fleischer. in 'Zinc-
oxidation state and surface compositional Silver Oxide Batteries," A. Fleischer and
analyses. An Amray 1O00A SEM was used for J.J. Lander. Editors, pp. 199-207. John
investigating the particle size and shape of Wiley and Sons. New York (1971).
the Ago crystallites. An electron beam at a 4. W. Parkhurst, S, Dallek, and B.F. Larrick,
voltage of 21 XeV, current of 001 na, and a J. _e'ctrochem. Soc.. 101, 1739 (1984).
diameter of the order of I00 A was used in 5. r? r. Sa)-rs, S.M. Heald. M.A. Pick. .I.
the SEM. TO-GC experiments were described Budnick. E.A Stern, and J. Wonp, Nucl.
elsewhere./1,4) EXAPS experiments were Instr, and Meth., 208, 631 (1983).
performed on x-ray beam line 11-A at the 6. A.. NMansour, S. .. (lek, .MR. O'Neill.
National Synchrotron Light Source (NSLS) in C.R. Anderson, DR. Cen. and B. F.
December of 1986.5] Spectra of the silver Larrick , Extended Abstract 152, The
K-edge were measured in the transmission mode Electrochemical Society Meeting. Honolulu,
at room temperature 298 K) and neat the HI. 18-23 October 1987.
temperature of liquid nitrogen (77 K). 7. V. Scatturin. P. Belon. and A.S . Salki.i.

J. Electrochem. Soc.. 108, 819 (1961).
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increase. The increase in p usually leads the
CHRONOPOTENTIOMETRIC AND ELLIPSOIE) gIC increase in A. which gives the loop behavior on the

INVESTIGATION OF THE 6/i plot. Towards the end of the experiment. 6
ZINC OXIDATION BEIAVIOR undergoes a sharp decrease while 0 increases

simultaneously. Our digitally acquired data rcveal
that the final decrease in 6 and increase in sw occur
after the potential transition Isee the expanded scale

Cecilia Y. Mak ' and Huk Y. Chch in Figure 2). This result indicates that the cause of

zinc passivation cannot be attributed to the formation
of the black film. Rather, its formation is likely to

Columbia University be a consequence of the passivation event.
Department of Chemical Engineering

and Applied Chemistry, New York, New York The optical signal is interpreted as the
following. The initial decrease in both a and w is
due to roughening of the electrode surface as a result

During the oxidation of zinc in an alkaline of metal dissolution. The subsequent increase of
solution, a porous covering film of precipitation these two parameters indicates the growth of a thick
products is frequently found to deposit On the porous precipitation film. The final decrease in L
electrode surface prior to passivation. The initial and increase in .p is due to the formation of the black
presence of this film, however, does not seem to film. In order to test the validity of this
affect the continual passage of current. Under interpretation of the optical signal, a series of
galvanostatic discharge conditions, the electrode supplemental experiments have been conducted. These
potential has rc-ained relatively constant until experiments comprise examining the system behavior
passivation occurs, during linear swcep soltammetry, potential step.

potential step reversal, and the modification in the
Since the film is highly porous during the early galvanostatic behavior upon zinc oxide pec-saturation.

stages of its growth, it is conceivable that despite stirring. dcacration, and current interruption.
the low conductivity of the zinc oxide precipitate,
the electrical resistance iniposed by the initial film Our results are consistent with a dissolution-
is not pronounced enough to cause a distinct shift in nrecipitation film formation mechanism The .
the electrode potential. Therefore. although transient indicates that a fourfold zincate

chronopotcntiometry is viable for detecting the s ipersaturation is required to initiate phase
occurrence of passivation, the method is not sensitive transformation at the electrode surface.
enough to signal the onset of film formation.

In view of this difficulty in studying the fis
formation behavior during zinc oxidation Ia
electrical methods, Yamashita and cossorkers III
applied the technique of chronocllipsomctry [2] to References
moritor additionally the optical changes at rue
electrode surface. They recorded too break points in
the phase shift transient signal. The first break I. M Yamashita, T. Yoshimura, Y. Imanaka, and H

point was suggested to be due to the precipitation of Futura, t)oshisha Daigako Rikonku Kenksu Hokoku,
a Type I zinc oxide film [31 from a supersaturated 8, 58 (1977).
zincate solution. The occurrence of the second break

point was reported to coincide with the 2. A. K. Reddy, I. A. Devanathan, and . ONI
chronopotentiomctric transition and indicated Bockris, 1. Electroanal. ChCm., 6, h1 (1963).
passivation of the zinc electrode.

3. R. W. Powers and N1. W. Breiter. J. Electrochem.
Following the approach of Yamashita and ao., 116, 719 (1969).

coworkers, ellipsometry is conducted in this iork to
complement chronopotentiometric mcasurments to gain

additional insights into the surface processes during
zinc oxidation. A data acquisition system has been
interfaced to the experimental equipment to
synchronize the recording of the electrochemical and
the ellipsrimetrical signals. Figure I shows the
typical transient behavior of the electrode potential
and the ellipsomctric parameters, A and V. observed
during galvanostatic oxidation in a 2 N KOH solution at
100 mA/cm'. The cllipsometric signals are presented
as deviation from their initial values, A and p.

As the current is first switchcd on, the
electrode potential increases immediately because of
ohmic potential drop in the solution. Thereafter, it
remains relaticely constant until passivation occurs.
At passivation, the electrode potential increases
abruptly. A black film is seen to be covering the
electrode surface. Oxygen gas is also seen to be
evolving at the zinc anode.

While the electrode potential remains relatively
constant during the oxidation period, some
characteristic features are observed on the

ellipsomeItric signals, Upon initial dissolution, both 'Pc een .ddr-i: IBM Corporation, I j \'%.11ton

& and p decrease continuously. After some time later, Research Center, "iorktou n Ilctghts.
these parameters reverse in direction and begin to New York

1 

n13!
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PERFOHMANCE OF SLURRY Zn-AIR
RECHARGE AND DISCHARGE CELLS WITH

KOH-LiOH ELECTROLYTE critical current density curve shown in Fig. 2. The inherent
discharge capacity of 25 g/l LiOH in 12 M KOH thus calculated is

H. B. Sierra AIctzar, Phu D. Nguyen, A. A. Pinoli 302 At/I (368.5 g Zn/I), it represents an improvement of 32% over
Pinnacle Research Institute, Inc. the air cathode limited discharge capacity. This improvement can be

reasonably expected to became a reality by preventing the build up
10432 N. Tantau Avenue of zincate concentration in the air cathode.

Cupertino, CA 95014 The cell voltages and specific peak powers (with respect to
Interest in the slurry Zn-Air battery system with separate exposed area of the air cathode) obtained during discharge are a

Inteestin te surryZn-ir bttey sytemfunction of current density and DoD, as seen in Fig. 3 and 4
discharge and recharge stacks derives from its projected high energy

density to power electrical vehicles (1). Recharge can be either respectively. It is expected that the voltage vs current density curve
hydraulic or electric or both. Electrical recharge is done by and peak power corresponding to discharge initiation would remain
deposition of dendritic Zn on a suitable substrate, such as Mg or the same through all the discharge cycle on solving the air cathode
glassy carbon plate (2), from which it can be mechanically scraped passivation problem. The measured coulombic efficiency for
and returned to the discharge cell as a slurry. Electrical recharge can discharge was better than 96%. To make adequate contact to the
be performed on-board or at strategically located central stations. current collector, a minimum of 60 g of Zn powder per liter ofAnodic hydrogen depolarization can reduce the cost of recharge slurry are required. Zn utilization can, nevertheless, be higher than
conoicyderoge()n depolrzatocn recharge stat99% by running a battery with batches of slurry prepared fromconsiderably (I]) in central recharge stations. eaaeysoe oidadlqi opnns

The most important factor that determines the energy density separately stored solid and liquid components.
of Zn-air batteries is the ability of the electrolyte (12 M KOH) to The recharge of zincate oversaturated electrolyte was studied at

room temperature with a cell where evolved hydrogen was
carry oxidized zinc (either as Zn(OH)-~ ions or as micelles and/or measured, The cathode substrate used was a Mg plate where
polymers with ZnO). The nature of the electrochemically generated dendritic Zn was deposited and scraped at periodic intervals with a
zincate stabilized with LiOH is not understood and requires study. polymeric blade. The anode was a nickel mesh. Temperature was
The choice of LiOH is definitely Edisionian: T.A. Edison first chose found to decrease the time averaged cathode potential at all depths of
it. More recently Flerov (3) reported that Li+ ion retarded the charge. Figure 5 shows this effect on electrolyte containing 51 g of
precipitation of ZnO from electrochemically generated oversaturated dissolved Zn. However, at low current densities higher temperature
solutions of zincate in KOH. promotes smooth Zn deposits. In Figure 5, an arrow indicates the

This work reports on improvements to the state of the art only acceptable dendritic deposit on the 101 mA/cm 2 curve.
discharge capacity of the slurry Zn-air battery obtained with LiOH Dendritic Zn was deposited at all higher current densities.
additive. There was a concern that the improved stability of zincate The average half-cell energy density (cathode overposensial
or ZnO in solution obtained with LiOH and other capacity extension times current density) is plotted against current density in Figure 6
additives would make the recharge process more difficult. This for constant current deposition at various depths of charge (DoCI,
work, however, concludes that production of dendritic Zn from expressed as grams of dissolved Zn per liter. The arrows indicate
oversaturated zincate solutions stabilized with LiOH is feasible and the lowest current density at which an acceptable dendritic Zn was
can proceed with low energy requirements. The benefits are not deposited. It can be seen that the charge energy required has a
necessarily extended to other systems with static or flowing minimum at DoC of about 100 g Zn/l. This is so because higher
electrolyte because of the inique characteristics of he slurry system vcltages are required at low DoC in ordet to insure high currents for
that involve a fluctuating discharge potential coupled with brisk dendritic deposition (under diffusion control), and high DoC
hydrodynamic conditions on discharge and dendritic rather than concentration polarization requires again higher voltages even at low
smooth Zn deposition on recharge. current densities. It might be possible that the higher zincate

The specific capacity of pure 12 M KOH determined with a concentrations obtained with LiOH additive cause a reduction of
200 cm2 

bi-cell (4) was 106 AhA (87 g Zn++/l). The capacity can overall charge energy. More measurements are required to prove
be increased by adding a type A additive (25 g/ silicate) to aid in the this point but at least it can be concluded that specific half-cell
formation of micelles around minute ZnO particles. A further energies of less than 0.3 Wh per gram of dendritic Zn deposited at
increase in specific discharge capacity to 203 Ah/ (248 g Zn++/l) 300 c/cm2 (or more specific charge) are feasible in the presence of
can be obtained by combining with a Type B additive (25 g/I silicate LiOH additive
+ 15 g/ sorbitol) that helps stabilize polymeric chains involving ZnO

molecules (4). The highest discharge specific capacity was 228.8 Acknowledgement
Ah/ (279 g Zn/1) obtained with 25 g/ LiOH in 12 M KOH (5). All This work was supported by Lawrence Berkeley Laboratory.
the above capacities were determined at 200 mA/cm 2 constant Technology Base Research program, on behalf of DOE.
current density discharge. Lower current densities and higher slurry
flow rates are expected to improve these capacities. However, the
capacity obtained by discharging with an air cathode with static REFERENCES
catholyte is not the maximum that could be obtained, since the I. H.B. Sierra Alcdzar, P.D. Nguyen, A.A. Pinoli "The
porous air cathode passivates before the circulating anode (Zn Secondary Slurry Zn-Air Battery for EV Propulsion". 33rd
particles). The most likely mechanism of passivation is ZnO International Power Sources Symposium. 13-16 June 1988.
precipitation inside the air cathode pores due so a decreased Cherry Hill, New Jersey. Proceedings published by the
concentration of water in the electrolyte (water is depleted by Electrochemical Society.
reacting with O to form OH-). 2. H.B. Sierra Alcdtzar, P.D. Nguyen "Technology Base Research

on the Slurry Zn-Air Battery ". Extended Abstract. 172nd
A useful method to evaluate the inherent capacity extension Electrochemical Soc. Meeting. 20 Oct 1987, Honolulu. liava.

provided by additives, independent of the behavior of the air 3. V.N. Fltrov, Zh. Fiz. Khim., 31, 49 (1957).
electrode, is based in the determination of passivation time, t

p, 4. H.B. Sierra Alcdzar, P.D. Nguyen "Additves to increase the
measured after galvanodynamic steps are applied to a Zn rotating Discharge Capacity of the Moving Bed Zn-Air Battery". Paper
disk electrode in the test electrolyte. The results shown in Fig. 1 879397. 22nd Intersociety Energy Conversion Engineenng
followed the Sand equation; they were used to determine a critical Conference. August 10-14, 1987. Philadelphia, Pennsylvania.
current density, ic , as a function of zincate concentration and 5. HB. Sierra Alcdzar, P.D. Nguyen. A.A. Pinoli. "Slurry
additive concentration. The concentration of zincate at which the Zn-Air Battery R & D". 8th Battery and Electrochemical
critical current density becomes zero defines the inherent capacity Contractors Conference. Organized by DOE. Vienna, Virginia,
extension of the additive for the particular temperature and November 19, 1987.
hydrodynamic conditions of the expernment. The maximum inherent
discharge capacity was extrapolated from the concentration vs
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Abstract N-. 90
shore a current maximum also occurs( Fig. 2). On

In situ FTIRRAS Studies of Glucose Oxidation on further polarization, both the frequency and the
Platinum Electrode in the Presence and Absence of intensity of this peak decrease again as the CO is
Thallium Underpotential Deposition oxidized from the surface (peak II). CO oxidation

at this potential has been well established in the
literature [61.

In Tae Bae, Xuekun Xing, M. Daroum and E. Yeager
In the presence of thallium UPD the glucose

Case Center for Electrochemical Sciences oxidation current is greatly increased 161, but the
and the Department of Chemistry CO peak was greatly reduced in intensity and shifted

ca. 6 cm
-1  

to low frequencies (Fig. 4). This
C. C. Liu suggests that the thallium UPD layer enhances the

oxidation process by preventing the adsorption of CO
Chemical Engineering Department on platinum, at least at potentials up to 0.6
Case Western Reserve University V(SCE). In the presence of thallium the reaction

Cleveland, Ohio 44106 occurs in the normal double layer, giving a single
oxidation peak without surface-poisoning by CO
species 171. It is not cleir whether the low
frequency shift is due to lowered coupling at low

Anodic oxidation of glucose on noble metal CO coverages, diminished adsorption on the thallium
electrodes has been studied for the last twenty modified surface, or interaction bet.ren
years because of the possibility of utilizing this neighboring thallium atoms and CO on platinum.
electrochemical reaction for fuel cells and glucose
sensors I]. Although the electrochemical
oxidation of glucose is strongly dependent on
experimental conditions such as electrode material. Acknowledgement
solution pH. the presence of foreign ions in
solution, etc, it has been suggestd 121 that the This research was supported by the US Office of

reaction proceeds by a mechanism similar to those Naval Research. the Department of Enery. NIH and
recently studied for elementary organic substances the State of Ohio Edison Program.
as formic acid, formaldehyde and methatnol. However.
some aspects of the mechanism of glucose oxidation.
including the identity of solution products, References
rcaction intermediates, and adsorbed species on the
electrode, are still controversial [3j. We
present here the results of in situ Fourier 1. H. Warner and B. W. Robinson, A Glucose Fuel
transform infrared reflection absorption Cell. Digest oP 7th Intern. Conf en Medical
spectroscopic ( FTIRRAS ) studies of P-D(+)-glucose and Biol fogin., Stoek.olm. 106,, p 530: J
oxidation on a platinum electrode in acid in the Giner and P. Malachesky, Proc, Artif. Heart
presence and absence of underpotentially deposited Program (onf S Dept Health fd, li t o:
1I D thallium which has been found [lu to promote and Welfare. 106 . p.85).
this reaction.

2. Yu. B. Vassilvv, 0, A fhntova and N. N
The measurements were performed for solutions of Nikolaeva, -1 Eleetroanal . Ch ., lh (IQH5

0.11 M f-D(+)-glucose in 0.1 M HClO 4 with and 127.
without additions of 6X04 H TIC104  over a
potential range of 0.0 to 0,5 V vs. SCE. A prototype 3. A. E Bolzan. T. Iwasita and W Vielstich. J
glass spectroelectrochemical cell [51 was used, in Electrochem. So., 134 (q08 3052: S. Ernst.
which a mirror-finlshed platinum disk( 0.79 cm

2  
I J. iitbaum and C. H. Humans .J Electroaral

was pushed against a CaF2 window. The cell was Chem.. 100 (197"1 1'
mounted to a specially constructed reflection
accessory consisting of three mirrors equipped with 4. H. shao, X ing and C. C.
a gold wire grid polarizer in the PIR bench ( Eioelect rochco Riocnr 1, . 7 (10871 55
IR/98, IBM Instruments INC. ) (see Fig. 1). The
electrode potential was alternately switched between 5. A. Sewiek and S. Pons in "Advances is Infrared
the sample( E, ) and the reference potential( Er ) and Raman Spectroscopy", Ed. R iester and H

by synchronizing the potertiostat to the Clark. (Hayden. London, l,5)
spectrometer in such a way as to collect 20
interferometer scans at each potential. The spectra 6. D. S. Corrigan and M ' Weaver. 'T
shown are the average of a total of 400 scans at Electroanal. Chem.. 241 143HIt . K
each potential. The potential difference spectra Kunimatsu and H. Kita. J Electroanal Chem
were obtained by taking the ratio of sample spectra 218 (1987) 155; F, Fddris, I. T 8ae. P W
to reference spectra and calculating -AR/R. Faguy and E. Yeager. to le published

In the voltammogram for glucose oxidation on 7. P. Stonehart and I: Kohlmayr, Flel: -chim
bare platinum, there are two anodic peaks at 0.2 V Acta, 17 (1972) 369.
and 0.6 V vs. SCE( labeled as I and II respectively
In Fig. 2 ) at potentials negative to the platinum
oxide region. Fig. 3 shows the spectra obtained
for the platinum electrode in 0.1 M HCIO4 containing
glucose over this potential range. The
characteristic feature in the region 2030 - 2080 cm'
I indicates that the major surface species during

the first step of glucose oxidation (peak 1) is the
linearly adsorbed CO 161. The CO peak gradually
Increases in Intensity and frequency with positive
polarization, reaching a maximum at 0.2 V vs. SCE
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KINETIC MODELS OF ALLOY DISSOLUTION p I where it is evident that the
dissolution process will lead to the type

J W. Halley of interface associated with the Eden
School of Physics and Astronomy model for growth This model does not

University of Minnesota lead to a fractal interface, but the width
Minneapolis. MN 55455 of the interface grows with time a a

We show that. in the limit of low fractional power of the time.
concentration of dissolvinq gpnerjps These rg-int.L am 4%", &.m484 'A
SgiecTive dissolution of binary alloys depend on the assumption that the rate of
shoul I lead to stable interfaces if the dissolution from the surface is more rapid
process is controlled by diffusion of the than the rate of diffusion of dissolving
dissolved species awag from the electrode species inside the metal We suggest that
but to unstable surfaces if the limiting the experimental variation of the
step is ditfusion of the dissolving species Potential on the electrode which is
inside the alloy. The argument is based on deallogiig changes the ratio of these two
on owicatve, of the physical reasoning rates We will discuss the possibility that
which accounts for the instability of the thresholds wh~ich are observed in
planar interlaces in solidification dealloying processes a function of this
Processes as orginally discovered by electrode potential maj arse as a
Mullins and Sekerkal consequence of the change from control by

At higher concentrations of the the dissolution step at the interface to
dissolving species, the form of the control by diftusion inside the metal (in
interface is expected to depend on the case p < pc ) or by iffusinn in
whether the concentratioo p of t1e eetrlrtqTr. (in he case p > Pr I
lissolving species is less than. eounl The model on which these results are

or 91rst ti, e the the ih t peftltftan based does not take explicit account of
concentrat:on P. It p < Pc, then we argue diffusion rates at the surface which are
that. at long enough times and on long different-than diffusion rates in the bulk
enough leigth .;cales, the arguments We will discuss the effects ot more rapid
mentioned in Ite preceding paragraph diffusion at the surface The main
apply in that case and when the limiting conilusions are not effected at large
step is ditusion inside the sample, then enough distances and times
we show that the kinetics are essentially The effects of special adsorption
those of the diffusion ltmited ,O1 goqt41ite sites on the satiate will affect the short
model ? iDtA) and the interface will have range structure of the interface but will
the fractat char-ctrr associated with tat not change the fundamental conclusions
model Wthen p - pc, then the iotelace We will present numerical
results frim the 'eating out' Of the calculations on a two dimensional model

in the rge which confirm the main conclusions Thispercolat:on dis st and t e geometrical work has been supported in pact by the

~haa a t.a I4as ~mso.daq~ bs awL1me at L"146 .L'cO-9 A"e
Corrosion Research Fenter and in part byshape of the surface of the rge n co p r t n

percolating cluster and will be fractal tIl corporation
with n different d mension than that found I W W tiulins and Sekerka, ,1 Appl
in 'he case p <r In the Lose P ) PC , we Phyb, W,. 23 (1963). .1 App) Phys 41.

444 (1964)argue lhbt at ufticiently long tme, ned 2 T Witten and t Sander. Phys Rev telllarge distances, the problem is ,)V 1400 (19 fi). Ihys Rev 1 7 Y. My ,56 i
geonmetrially Ilb same as the problem at (
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Mechanism of Selective Alloy Dissolution 5. H. Kaiser, publication in preparation.
Below and Beyond the Breakthrough Potential 6. C. Wagner, cited in G.H. Geiger and D.R.

Poirier,"Transport Phenomena in Metal-
H. Kaiser and H. Kaesche lurgy", pp. 451-496, Addison-Wesley,

Reading (973.

tiu fuer Werkstoffwissenschaften, Uni- 7. B. Kabius, thesis, University Erlangen-
versitaet Erlangen-Nuernberg, Federal Repub- Nuernberg, 1987.

lic of Germany 8. B. Kabius et al., Proc. Int. Symp. Honor.
N. Hackerman: Surfaces, Inhibition and

Beginning with a description of early parting Passivation. (E. McCafferty and R.J. Brodd
limit concepts [1,2] and a brief discussion edts.), The Electrochemical Society, San
of recent percolation models (3,], the theory Diego, 1986.
of selective alloy dissolution is summarized
under special consideration of the ("criti-
cal") breakthrough potential, above which the
current density of less noble components soIutsni alloy
increases abruptly. The transport of such 6
components to the electrode surface by (rate- --- _
limiting) volume diffusion, as one possible 4
mechanism [4], was examined by an investiga-
tion of the anodic dissolution of In and Cu
frort low-melting (high diffusivity) InSn and 2
higher-melting (low diffusivity) CuPd alloys,
respectively. In the former case, the volume
diffusion mechanism was confirmed by both -20 0 20 40 60 80 100
electrochemical techniques and direct elec-
tron microprobe detection of In-depletion dstaoce from nterphoseIpmI
within the interdiffusion zone (Fig. 1).
Phase transformations initiated by the selec- Fig. 1. Concentration profile of In in a Sn 5
tive removal of In from the intermetallic - a/o In alloy after 105 hrs. anodic polariza-
and T- phases were also analyzed [5], and the tion in 3 N NaCl/0.01 N HCl solution at 25 OC
new phases developing from the surface were and ER = - 0.47 V. Open circles from electron
shown to grow either in accordance with the microprobe measurements. solid line calcula-
principles of diffusion-controlled trans- ted for D = 5 10-1

2 
cm

2
/s and zero concentra-

formations [6], i.e. with a planar interface tion at the interphase.
due to the establishment of interfacial
equilibrium (see Fig. 2), or in a morpholo-

gically unstable (porous) form, probably as a
consequenc2 of kinetic control. With CuPd
alloys, on the other hand, a decrease of the
Cu concentration, even after prolonged pola-

rization below the breakthrough potential was
only observed (Fig. 3) by combined Auger
electron spectroscopy and ion sputtering
within a distance of about 2 nm from the
electrode surface (close to this method's
depth resolution) (7]. At the same time a b
dense coverage of vicinal faces with epi- 2
taxially grown Pd crystallites with a diame-
ter of similar magnitude is observed by
transmission electron microscopy, most prob- Fig. 2. Interfacial stability durirg diffu-
ably illustrating the blocking of kink sites sion-controlled growth of a O-Sn transformed
and steps by the more noble component. From layer (a) by the selective dissolution of In
these results it can be concluded that an from a T-SnIn alloy )b). 513 hrs. anodic
interdiffusion zone resulting from the volume polarization in 3 N NaCI/0,01 N HCI at E.
diffusion mechanism is absent in higher- - 0.47 V.
melting alloys. This view is corroborated by
the additional observation of dissolution
nuclei that are formed at a rate that in-
creases at lattice defects and shows a sharp
rise above the breakthrough potential. The i'e.
lateral grcwth of these nuclei appears to be
limited by the decoration of their peripheral
edges with Pd crystallites via surface dif-
fusion, the final growth morphology being a
3-dimensional network of microtunnels that
propagate in low-indexed crystallographic
directions (7,8].

References:

1. G. Tammann, "Lehrbuch der Metallkunde". Fig. 3. Concentration-depth profiles of Cu in
pp. 439 - 450, L. Voss, Leipzig. 1932. a Cu 25 .,-o Pd alloy after 24 hrs. anclic po

2. U. Dehlinger and F. Glocker, Ann. Physik. larization in acidified 1 N NazSO, solutin
16, 100 1933). below the breakthrough potential E. - 0.11

3. r. Sieradzki ot al., sub. to Phil. Mag. V1 18). Data from Augel e l ion sputterinq
4. H.W. Pickering and C. Wagner, 3. Elector- profile. corrected f~r the escape mep'h :n-

Therr. Soc. 114. 698 l96 i fluence.
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The Percolation Model of Alloy Corrosion We will discuss how electrochemical effects modify the simple

concepts presented above. Various unresolved issues related
K. Sieradzki to de-alloying will be discussed in terms of the theory

including the so-called critical potential, anodic dissolution
Department of Materials Science and Engineering kinetics above and below the de-alloying threshold, and the

The Johns Hopkins University magnitude of de-alloying thresholds or parting limits for
Baltimore, Maryland 21218 various metal-electrolyte systems.

De-alloying is an important aspect of corrosion in alloy References
systems. The theoretical framework for the high temperature
corrosion or oxidation of alloys was developed by C. Wagner 1. C. Wagner,. . electrochem. Soc.. 99, 369 (1952)
35 years ago [1,2] and this seminal work included detailed 2. C. Wagner, J. electrochen. Soc.. 103, 571 (1956)
discussions of selective oxidation processes. In Wagner's 3. H.W. Pickering and C. Wagner, I. efectrochem. Soc.,
description of high temperature oxidation the interplay of 1, 698 (1967)
volume diffusion processes in the metallic and oxide phases 4. K. Sieradzki. J.S. Kim, A.T. Cole, and R.C. Newman.
determined the roughness of the metal-oxide interface as well J ertrochem. Soc., 12U, 1635 (1487)
as the overall rate of oxidation. 5, K. Sieradzki. R.R. Corderman. K. Shukla, and

A similar theoretical treatment was developed by Pickering R. C. Newman, Phil Mg., in press

and Wagner (P&W) (3] 15 years later in order to account for
the electrolytic dissolution of .inary noble metal alloys. The
proposed transport process allowing dissolution to proceed at
ambient temperatures was a solid state di-vacancy diffusion
mechanism. Various difficulties exist regarding the general
utility and appropriateness of the P&W analysis and we will
discuss some of these issues.

One example of such a difficulty relates to results of recent
experiments [4] examining selective dissolution as a function
of alloy composition in Al-Cu and Zn-Cu alloys as illustrated
in Figure 1. This result demonstrates that sharp critical
compositions or de-alloying thresholds exist below which de- 40

alloying does not occur. This critical behavior is not -0
consistent with the notion that a bulk diffusion mechanism is W Z,

responsible for transport of the less noble metal constituent to E 30
the metal-electrolyte interface. z.. 0

Z20 r .

We will present a new theoretical framework for alloy 0 . - so o

corrosion based upon concepts derived from percolation U

theory [5]. According to the theory an A Bt p alloy immersed 0

in an electrochemically aggresive environment can undergo 0

selective removal of A only if continuous connected clusters of
A exist throughout the solid. The probability of the existence 0 -

of such an infinite cluster of A atoms is the subject of z 0
L --  

- - 0
0 10 20 30

percolation theory which describes a critical composition ATOMIC PERCENT ZINC
referred to as the percolation threshold below which this
probability is zero and above which this probability is one.
The percolating cluster of atoms provides a continuous active
path for the electrolyte to follow into the bulk solid, allowing Figure 1. Dependence of the de-alloying charge density and
the corrosion process to continue. The dissolved structure estimated de-alloyed layer thickness on alloy composition for

consists of a continuous nano-porous layer enriched in 13. Zn-Cu.

Owing to the atomistic dimensions of these ligaments an
extremely rapid form of Ostwald ripening occurs which leads
to a coarsening of the initial structure. This coarsening allows
for the further penetration of the electrolyte and also
diminishes the effects of various other transport limiting
priicesses.
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TEM INVESTIGATION OF DEALLOVED Cu-Au ALLOYS

. 5. Srit and H. W. Pickering

Department of Materials Science and Engineering

The Pennsylvania State University
University Park, PA 16802

+Currently at Savannah River Laboratory

Hydrogen Technology Division

Aiken, SC 29801

Foil samples of Cu-13%Au and Cu-18.Au (atomic %)

wore prepared by ion beam milling. The thinned foils

were spot welded to a Pt wire and dealloyed by anodic

polarization in an electrolyte of IN Na2SO
4 

-

O.OIN H2SO4. The dealloyed morphologies were examined
using either a Philips 300 or 420 TEM. Samples

dealloyed at potentials less noble than the breakaway

or critical potential (E.) showed some isolated pitting

with pit diameters of 50 - IUA, as shown in Figure Figure 2. Sample of Cu-187Au dealloyed at E=642 mV

i. Samples deallayed at E
"
, Ec showed regions of (SHE) showing the formation of small round

complete pit coverage near foil edges, and isolated Moire fringe patterns.

pits and pit clusters on regions removed from the

foil edge. The pit diameters at E ) E, ranged from

100 - 500 A with the larger pits occurring near foil

edges. Samples showed Moire fringe patterns that

resulted from the overlapping of the Au-rich dealtoyed
material and the nubstrate alloy, as shown in Figures

2 and 3. The spacing between fringes corresponds
to a dealloyed composition of 93% Au. These patterns

idicate the formation of small Au-rich nuclei (rigurs

2) and the accumulation of Au on pit walls and region

around pits (Figure 3) as the dealloying reaction

proceeds. Surface migration may account for the

Au accumulation. 1

Figure 3. Sample of Cu-1/Au dealloyed at E=T72m%
(SHE) showing Moire fringes on pit walls

and on regions around pits.

Figure I. Sample of Cu-187Au after anodic treatment

at E=542mv (SHE) showing a region of

isolated pitting sear a tear in the foil,
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Dealloyfng Kinetics of Silver-Gold Alloys Specifically:

A. J. Davenport and K. Sieradokl (a) Below p* the dealiloying rate is determined
Department of Applied Science by the A atom cluster structure. The current should

Brookhaven National Laboratory have the following form:

Upton, NY 11973

Selective dissolution (dealloying) is often the I(t) ft-s eop (-t) dt

dominant process In the aqueous corrosion of metal t

alloys. In this phenomenon, an ApBI.p alloy

immersed in an aggressive environment undergoes a where 0 < < 1 and I < 5 < 2 for dissolution via a
process in which the less noble component (A) is layer-by-layer process.

selectively removed from the alloy. Metal-environ-
ment systems display sharp compositional dealloylng (b) Above p* the dealloylng rate should ini-

thresholds or parting limits below which only super- tially be controlled by the coarsening rate. For a
ficial dealloying occurs and above which bulk de- mixed surface-volume controlled coarsening process

alloying is observed. The principle morphological the average pore size increases as t3 so that
change associated with selective dissolution is the
development of a nano-or micro-porous dealloyed

layer. The conventional theories of dealloying in a i t
8 I

(binary) alloy rely on the following mechanisms:

(1) selective dissolution of the less noble metal
atoms and aggregation of the more noble metal atoms where, 1/4 < B C 113. As the porous structure
by surface diffusion [i; (2) selective dissolution develops the current will become limited either by

of the less noble metal as transport occu.s by di- mass transport in the electrolyte or IR effects.

vacancy volume diffusion 121; and (3) dissolution of

atoms of both elements followed by redeposition of Figures I and 2 show current transients

the more noble metal atoms. None of these theories obtained on scratching a Ago.6Auo.
4 
and a

can explain the existence of sharp dealloying Ago
0 7

Auo.
3 alloy at an applied potential of

thresholds. 1.0 V (SCE). Previous work at Brookhaven [4) and

that of Tischer and Gerischer 51 indicate that the
The origin of the dealloying thresholds and 60% Ag alloy is just below p* for this system.

other aspects of the selective dissolution process This alloy (Fig. I) shows a rapid cJrrent decay

are clarified in a new theory of dealloying 131 which returns almost to the base current level with-
which is based upon percolation theory. According in 200 m. The 70% Ag alloy (Fig. 2) shows a much

to this theory, in order for the A atoms to be slower current decay consistant with substantial de-
selectively dissolved from more than just the sur- alloying from the bulk alloy. The scratched elsc-
face of the alloy, a continuous connected cluster of trode technlque provides a method of testing the new

these atoms must exist. This percolating cluster dealloying model through analyss of dissolution
provides an active path for the dissolution process current transients.

to occur and also provides a path for the electro-

lyte to penetrate into the bulk solid. The remain- Acknowledgments
ing structure is enriched in B and consists of a
porous network of ligaments which are of atomstic This work was performed under the auspices of

dimensions. Owing to the extraordinarily high sur- the U.S. Department of Energy, Division of Materials

face to volume ratio of these ligaments coarsening Sciences, Office of Basic Energy Science under

quickly occurs at ambient temperatures. This Contract No. DE-AC02-76CH00016.

coarsening occurs Immediately behind the dissolution
front and allows for easy penetration of the elec- References

trolyte. If the elements are sufficiently different
in reactivity, then the dealloying threshold will be i. A. T. Forty and G. Rowlands, Philos. Mag. A 43,
close to the 3-dImensional site percolation thresh- 171 (1q91).

old for the lattice. If the elements in the alloy

do not differ greatly in reactivity then dealloying 2. H.W. Pickering and C. Wagner, 1. Eilectrochem.
proceeds by a layer-by-layer process and the thresh- Sc. 114., 68 (1967).

old will be close to the relevant 2-dimensional site
percolation threshold. The varlation in the *,e- 3. K. Sieradzkl, R.R. Corderman, K. Shukla, and
alloying threshold from one system to anothrr B.C. Newman, Philos. Hag. k, in press.
relates to the differing tendency (I the acoms of

the more reactive element to dissole frrm (and the 4. Ren
g 

Li and K. Sieradek, in preparation.
atoms of the more noble element to diffuse from)
surface sites of varying coordination number. 5. R.P. Tischer and H. Gerischer. 7. Electroche.

The Pickering and Wagner analysis 12) based

on the volume diffusion mechanism predicts that the
dissolution of the more reactive element results

in a dealloylng current proportional to t-I
/ 2 .

We believe thAt the surface diffusion mecnanism
also yields I - t

" 1 / 2  
and the predictions of a

dlssolution-redeponltlon mechantcs are not lear.

The percolation theory of dealloying predicts Hf-

ferent functionalitles for the current decays below

and above the leslloylfo threshold, p-.

*Department of MaterIals Sclene and Fnglneerlng,

The lohns 'Iklns 1niversity, Baltimore, Ml! 2121Q.
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Surface Instability Under Conditions Of Selective significantly differing reactivity can lead to

Dissolution in a Liquid Metal Environment- selected dissolution and porosity if extended,

connected paths of the more reactive species exist in
P. F. Tortorelli the lattice. The probability of existence of a

Oak Ridge National Laboratory siqnificant number of such paths is a direct function
P.O. Box 2008 of the concentration of the reactive element and can

Oak Ridge, TN 38731 be derived within the formalism of percolation

theory., Although this mechanism is intuitively
Introduction attractive, simple calculations showed an insuf-

ficient concentration of reactive (nickel) atoms to

Selective dissolution of one or more components produce the connective path needed to get the
from an alloy (also referred to as "dealloyinq") has observed Penetrations.

been observed in aqueous, liquid metal, molten salt, Several other models of environmentally induced
and gaseous environments. In many of these cases, porosity" or irregular corrosion (including redepo-

selective dissolution leads to the formation of a sition and vacancy aqlomeration) were considered.
'porous" or highly irreqular surface zone on the It was found that the surface destabilization

exposed solid. It is shown that, for the specific approach of Harrison and Wagner' fits the experimen-
case of austenitic stainless steel exposed to molten tal observations quite well. In such a process, ini-
lead-lithium, a surface destabilization mOdel best tial surface perturbations grow into a series of ep
describes the observed corrosion morphology and the penetrations under conditions where one element is

effect of cold work on this type of attack, selectively depleted. While Harrison and Wanner'
treated this process for liquid metal attack, similar

Results and Discussion surface instability considerations have been demon-
strated for other environments. Examples include

It has been previously reported that molten oxide scale formation on ailoys containing elements
lead-lithium is quite aggressive towards ferrous of significantly differing nobilityv or volatiliza-

alloys, particularly in the presence of a thermal tion of an element from an alloy.
0  

In the absence of

gradient.i
-
a With austenitic (Fe-Cr-Ni) steels, preferential dissolution, the destabilization model

exposure to Pb-17 at. % Li under an imposed tems- predicts that a planar liquid-solid interface would

erature gradient causes deep irregular attack as a ne the equilibrium state. This prediction agrees
result of penetration by the liquid metal (Fig. 1). exactly with the observations of the contrasting

Under similar exposure conditions, Fe-Cr-Mo steels corrosion of Fe-Cr-Ni and Fe-Cr described above.

corrode uniformly (Fig. 2). Analysis of the corro- Furthermore, the growth kinetics predicted by this
sion layers, such as shown in Fig. 1, revealed lead- model are in fairly qood agreement with measured
filled channels penetrating deeply into the steel. values of the penetration depth as a function of
The solid in this corrosion zone is depleted in time. Finally, such a riechanism can also explain the

nickel and chromium relative to the starting col- effect of cold work on the corrosion morphology.
position of the type 316 stainless steel [65Fe, 17Cr, culd-worked surface supplies perturbations that can
12Ni, 

2
h4o, 2Mn, 2Si, 0.08C, (wt %)]. The average triqqer the destabilization and subsequent grnwth of

postexposure composition in this region is R6Fe-8Cr- an irreqular interface. Grain boundaries or slip
4Ni-2Mo (wt %), which was fairly independent of expo- lines can serve as such perturoations sites. It
sure time. In addition, it was found that the extent therefore appears that the attack of Fe-S-Cr steel

and directionality of the penetration was strongly be liuid lead-lithium can be descrilbe - terms an

influenced by the rollinq direction of the steel. surface instability due to selective dissn ti Jo I-!
Penetrations were deeper and tended to he parallel to the associated penetration kinetics.
the rollinq direction (see Fig. 3). The cold work

effectively "biased" the penetration process. In References
contrast, the Fe-Cr-Mo steel-liquid metal interface

remains planar durinq dissolution (Fiq. 2) and no I. P. i. Tortorelli ani '. a. en 2.

tendency for preferential depletion has been later. 141-143, S92-
u  

oIosl.

detected.

While it may seem as thouqh the type 316 2. o. K. Chopra and ). Il. .e .-'
stainless steel has suffered preferential dissolution !ater. 141-143, 5i-7i (l

4
R6l.

of both nickel and chromium, the depletion of these
elements arise due to different causes. Nickel is 3. a ;. orqstedt et al., orrision ash
directly dissolved, while the loss of chromium is of Steel X Ii Cr'odho 1? in a i'm-!
most probably related to the formation of a lithium- Pumped Loop," I. Nucl. 

M
ater. 154-156, to ty

chromium-nitrogen corrosion product,' which is published.
removed during exposure or during specimen cleanino.

Chromium and iron are both "noble" with respect to 4. M.(. liarker et al.. '. NucI. mat-,. 114,
nickel; their solubilities in lead-lithium are simi- 143ua4Q (I?3).
lar, but much lower than that of nickel.
Preferential dissolution of chromium with respect to S. K. Sieradzki Pt al.. 2. 1lectracnem. Soc.

iron is therefore not expected and has not been 134, 1635--q (Ioa).
observed for Fe-Cr steels (see above).

In attemptils to explain the observed corrosive C. ', StauffIer. Introuct inn tro cIiui so .

attack of the Fe-Ni-Cr steel, the most simoly mocha- Theory, ay Ior an' (nc is, lon1na
,

niso would be that of localized penetration alnq
highly reactive paths. Recnt work

" 
has tre ed 7. I. I). varrison an C. Wauner Arta Metall.

sel rtive dissolIution (deal Ioving) of Cu-Zn ,nd Cu-Al I , 7??-h' lhl.
alloys in aquecis environments in terms of a her-

colation model, in which alloy components of . Wamr, . fle roche m,'. 103, '

*vrsearrh sponsorel by the iffiro of unsion ' .. o and i. '. f", op. 4In-
0

:
FnvrguV 'l.S. 'iepartrent of lnlyri .n,'r contract in r. h-rici Metallury - 5 MejI'O I.

Savhms. Inc.
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Fig. 1. Scanning electron micrograph of
polished cross section of type 316 stainless steel
exposed to thermally convective lead-lithium for
2472 h at 500°C.

(tit

Fig. 2. Scanning electron micrograph of

polished cross section of Fe-12Cr-lMo steel exposed
to thermally convective lead-lithium for 7027 h at
500 C . Fig. 3 . Scanning electron micrograhs of

polished cross section of type 316 stainles, steel
exposed to thermally convective lead-lithium fur
3886 h at 500'C. (a) Rolling direction paralle, to
liquid-steel interface. (b) Rolling direction
perpendicular to liquid-steel interface.
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THE RELATIONSHIP BETWEEN DEALLOYING cleavage concept. The fracture surfaces show cleavage facets of
AND STRESS-CORROSION CRACKING up to 10 ain in length, together with some brittle intergranular

fracture. The embrittlement is most easily seen when the foils
R.C. Newman, A. Mehta and T. Shahrabi are stressed in the cuprous ammonia test solution, but is also

Corrosion and Protection Centre evident after rapid freezing in liquid nitrogen, Washing andor
UMIST drying reverses the embrittlement, probably due to coarsening of

P.O. Box 88, Manchester, M60 tQD, U.K. the nanoporous layer when the environment is removed.
Ammonia (or cuprous ammonium ions) may play a role in

K. Sieradzki pinning the surface diffusion process responsible for the
Department of Materials Science and Engineering coarsening.

Johns Hopkins University
Baltimore, MD 21218. USA. Similar studies of Au-Ag alloys, using anodic polarization in

perchloric acid, gave less convincing evidence for transgranular
film-induced cleavage. Instead, brittle intergranular events of

Dealloying has often been cited as a contributory factor in remarkable extent (50 pm) were observed, and again the
stress-corrosion cracking (SCC), beginning with L. Graf's work embrittlement was reversible. One conclusion of this work is
in the 1940s. Recently there has been renewed interest that intergranular SCC, in systems where transgranular SCC r
associated with the film-induced cleavage model of SCC. in possible, occurs by the same brittle mechanism.
which nanoporous dealloyed layers are believed to be very
important and the compositional dependence of dealloying has
been correlated with that of transgranular SCC [K. Sieradzki
and R.C. Newman. J. Phys. Chem. Sol. 48. 1101 (1987)]. Our
recent work has focussed on Cu-Zn, Fe-(Cr)-Ni and Au-Ag
alloys, with several objectives:

1. To understand further the compositional dependence of
dealloying.

2. To analyze thin dealloyed layers, especially on Fe-Cr-Ni
alloys.

3. To understand the development of nanoporosity in the
layers by a combination of computer simulation, mechanical
property measurement and AC impedance spectroscopy.

4. To examine the ability of dealloyed layers, formed on
unstressed smooth specimens, to nucleate single cleavage
events.

The computer simulations are described in another paper in this
symposium.

In austenitic stainless steels we find that dealloying in hot,
acidified LiCI solution produces a nickel-enriched but by no
means pure nickel layer; our best estimate of its typical
composition is Fe-30%Ni. The occurrence of dealloying has
been correlated with SCC to a limited extent, e.g. at 90VC
dealloying and SCC occur on 304 and 316 steels but not on 310
steel, while at 136vC or at 900C with added thiourea, all three
steels show dealloying and SCC. In order to understand the
roies of chloride and nickel enrichment, we have carried out DC
and AC electrochemical studies on binary Fe-Ni alloys (3% and
10% Ni) in chloride and sulphate solutions at pH I and 80

0
C;

the results show evidence for dealloying in chloride solution
(tarnishing, irreversible polarization curves, impedance spectra
characteristic of porous conducting layers), but not in sulphate
solution. We conclude that chloride causes dealloying by
affecting the partial anodic kinetics and/or surface diffusivity of
the alloy components. Impurities such as N or P may enhance
SCC by 'pinning' the dealloyed layer in its nanoporous, brittle
state, hindering excessive coarsening by surface diffusion.

Studies of 12 ptm r-brass foils have shown that unstable
brittle fracture occurs in the presence of a deal' jed layer less
than 100 nm in thickness, thus validating the film-induced
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Grant No. NSF DMR 8420965) 5. A.J. Bursle and E.N. Pugh: Environment-Sensitive

Fracture of Engineering Materials, Z. Forculis,

ed., TMS-AIME, 1979, pp. 18-47.

Analyses of stress-corrosion cracking are fre-
quently based on the slip dissolution model or other 6. E.N. Pugh: Atomistics of Fracture, R.M. Latanision
models for which crack advance is presumed to occur and J.R. Pickens, eds., NATO Conference Series VI,
primarily by Faradaic charge transfer due to bare- Plenum Press, 1983, vol. 5, pp. 997-i010.
surface dissolution and/or film growth at a crack

tip.
1
'
2
'
3  

Although such an apprnach nay adequately 7. E.N. Pugh: Corrosion, vol. 41, pp. 517-26.

describe intergranular stress-corrosion I-SCC)
4 , 

it
fails to account for several established features 8. K. Sieradzki and R.C. Newman: Philos. Mag., 1985,
of transgranular stress-corrosion (T-SCC) for which vol. 51, pp. 95-132.
crack advance appears to occur primarily by a process
of mechanical cleavage.

10 
The evidence includes 9. E.I. Meletis and R.F. Hochman: Corrosion Sci.,

(a) the distinctive "facet-step" morphology of the 1986, vol. 26, pp. 63-90.
tracture surface, (b) the crystallographic uniqueness

of steps and facets, (c) the exact matching of oppos- 10. B.D. Lichter, T.B. Cassagne, W.F. Flanagan, and
ing fracture surfaces, (d) the appearance on the E.N. Pugh: Microstructural Science, 1985, vol. 13.
tracture surface of naturally occuring crack-arrest pp. 3h1-78.
markings, and (e) the correlation between acoustic
emission and crack arrests or current transients. 11. T.B. Ca W.agne, IF. Flanagan, and B.D. lichter:

Recently we have shown that copper-gold alloys Metall. Trans. A, 1986, vol. I7A, pp. 703-10.
containing 15, 25, and 50 atomic percent go3d, when
tested in aqueous NaCS, FeCI

3 , or acid-sulfate mmdia, 12. T.B. Cassagne, W.F. Flanagan, and B.O. Lichter:
display mani of the features which support the ,ch- Ciemistry and Physics of Fracture, R.M lat.inisin
anical cleavage hypothesis of T-SC.

1
l

- 14 
Copper- and R.H. Jones, eds,, NATA Advance Science listi-

gold alloys in these media have been selected for tues Series E, Martinus Nijhoff, 1987, No. 130,
:;tUy bcauc they prent an .. tt.actice audel v - p. i5O9-.
tem with which to isolate po'ble candidate nechanisms
of T-SCC. For example, our studies of T-SCC have 13. T.B. Cossagne, W.F. Flanagan, and B.D. Lichter,
been carried out under conditions lor which selective Metall. Trans. A, 1988, vol. 19A, pp. 281-92.
dissolution of copper, or deallocin6, occurs; where-
as, , hY dr - discharge is excl uded on thermodynamic 14. D. Masoino: M.S. Thesis, 1987, Vanderbilt li-
grounds.T

o 
Thus, we are now attempting to discover versitv.

how near-surface deallosing may produce conditions
allowing propagation of a cleavage crack into the on- 15. '. Bert occi: Paper presented at the 10th bnter-
corroded alloy matrix. national Congress o Metallic Corrosion. 7-1! Nov.

Iv the present work, both steady-state and trans- 1987, Madras, India, Ito he published in Blletin
ient dealloying were studied for single crystals of ot Electrochem.).
disordered Cu-

2
5 Au in aqueous Na1 and FeC 3 . [!sing

slow strain-rate conditions, the effect ot dvnamic

elastic and plastic straining as weil as o prior
plastic deformation on the steady-state selective
electrodissolution of copper was measured. Transient

dealloying was measured using scratchin tcchniqies
and was also observed In the lorm oI current pulses

during crack propagation ider slow strain-rate de-
formation. In both cases the transient currents
decayed relatively rapidly (-I second) and showed a
similar time-dependence during the decay. The average
crack propagation rate was determined y correlating

th time intervals between pulses with crack arrest
markings observed on the fracture surtace or bs direct
observation of the propagating crok using a catheto-
meter. An attempt is made to Interpret the rote oif
irack growth Iron the measured rates of deallovng.
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KINETICS AND MORPHOLOGY OF ALUMINIDE their average direction parallel to the direction of

DEALLOYING REACTIONS the leaching reaction. At any given depth within the
product rim. the cylindrical fibres were remarkably

D. J. Young uniform in diameter, an observation borne out by the
School of Chemical Engineering & Industrial Chemistry narrow pore size distributions. The average fibie

The University of New South Wales spacing was found to increase with depth of leaching
P.O. Box i, Kensington, N.S.W. Australia, 2033 at the same temperature, and, for a given depth of

leaching, to decrease as temperature increased The
The dissolution in alkali of aluminium from CuAi1, process whereby the parent CuAl phase is transformed

NiAl a-d Ni2 Al has been studied at temperatures of into an ordered two-phase producd (copper plus liquid
from 274 to 180 K. In all cases the aluminium was solution of aluminium) is considered to be a cellular
eventually dissolved to leave a residue of porous, but phase transformation reaction The relationship
essentially pure, noble metal. In the cases of CuAl between fibre spacing and reaction rate predicted by
and Ni2 Al this residue remained as a rim around a this model was verified for CuAl, dealloying Fibre
core of as-yet unreacted alloy, and the external spacings are rather small, ranging from about 40 nm in
dimensions of the sample remained unchanged during a residue produced at 274 K up to about 110 rn after
reaction. The residue of NiAI dealloying was reaction at 366 K. Lateral segregation of alloy
initially coherent but began to Aisintegrate after a constitutents towards the advancing copper and pore.
thicbness of about 200 m was reached, and was lost liquid phases must occur at or near the reaction

from the sample, front, over distances of the order of the structure's
spacing. The mechanism of segregation was found to be

The interface between dealloyed rim and unreacted interfaciai diffusion.
alloy core was in all cases sharply defined. As
reaction progressed and this interface moved inwards, The copper residues have high surface areas which

it remained parallel to the external surface of the are inherently unstable in alkali, because the
rim. The microstructure of the parent alloy was solubility of copper, although low. is not zero In
accurately reproduced in the dealloying product, fact. a coarsening of the structure is observed to
grain or dendrite size, shape and orientation were occur at a rate which increases with temperature and
preserved. These observations are interpreted as pH. This process occurs indepenaently of the
evidence that the reaction mechanism is one of dealloying reaction, and involves slow dissolution ant
selective dissolution. repreclpi-tatlon of the copper A model bsed on

Ostwald ripening has been developed and found to
Dealloying kinetics were observed by measuring describe the kinetics of this process. It is concluded

metallographically the thickness of the leached rim as that CuA1 dealloying occurs in the first instance ho
a function of time. The CtAl and Ni Al reactions selective gissolutin, but that the residue's final2. 21
proceeded according to parabolic kinetics whereas the structure is modified by dissolution-reprecipitation.
NiAl reaction continued at a constant, rapid rate.
The parabolic kinetics are shown to be consistent with Morphological development during Ni 2Al dealloying
rate control by diffusion within the liquid-filled is a more complex process, and occurs in at least two
pores of the dealloyed rim. Reaction rates for Ni2AI3  stages Throughout most of the course of the
dcalloyisg were much slIo-r than for Cutl , and wore reaction, the residue convists of an inner laver
not measurable at temperatures below abou? 340 K. One containing about 22 wt.% Al, and an outer layer
factor contributing to this difference in rates is the containing Al levels varying from 12 to 24 wt.%. This
difference in aluminium activities between the phases, inner layer was found to consist of two phases, Ni and
The linear kinetics found for NiAl dealloying are Ni Al ; the outer layer was more fully dealloyed, but
consistent with the fact that no coherent product contained considerable amounts of teprecipitated
accumulates, and the liquid-phase diffusion path is of Al203.xH 2. .As the central alloy core was exhausted.
more-or-less constant lcngth. The failure of the the aluminiu content of the inner layer was reduced
NiAI3 residue to form a coherent structure is to near zero and nickel was the only phase remaining
attributed to its high pore volume fraction of 0.81 The outer layer converted to a mixture of nickel and
compared to values of 0.74 and 0.60 for CuAI 2 and amorphous hydrated alumina. It is not known why some
Ni2AI3 respectively, of the parent Ni2Al is apparently more readily leach-

able than the remainder. The pore structure of the

Detailed morphologies of the dealloying reaction residue is obscured by the reprecipitated alumina
products were examined using gas adsorption to measure However, nickel crystallite sices were very small, of
surface areas and pore volumes, mercury intrusion approximate order 10 tm, and the residue morphology
porosimetry to determine pore size distributions, x- could be very fine.
ray diffraction line broadening to estimate
crystallite sizes, electron probe microanalysis to
measure concentration profiles within the reacted References

rims, and, in the case of CoAl2 residues, direct
transmission electron microscopy to view the copper 1. J.B, Friedrich, D.J. Young and M.S. Wainwright. 3
structure. Electrochem. Soc.. 128, 1840. 1845 (1981)

2. A.D. Tomsett. D.J Young and M S. Wainwright. .1

The most complete set of information is available Electrochem. Soc , i3l, 2476 (198).
for the CuAl 2 residue, which was found to consist of 3. J. Sot, DJ. Young. A. Bourdillon and K F
very thin, single crystal, copper fibres aligned with Easterling, Phil. Mag. Lett. 55. 104 (IQ8)
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DEALLOYING OF Pt ALLOY FUEL CELL ELECTROCATALYSTS REFERENCES

1. P. N. Ross, Jr., EPRI Report 1M-1553, 1980.

L . T. Paffett and S. Gottesfeld 2. B. C. Beard and P. N. Ross, Jr.. LBL Report

21184, 1986.
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Numerous binary and ternary Pt alloys have been C. T. Campbell, J. Electroanal. Chem., 220,

investigated as potential anode and cathode electro- (1987) 269.

catalysts for use in fuel cell devices. Various theo- 5. M. T. Paffett, J. Beery, and S. Gottesfeld, J.

ries have been suggested to explain the apparent Electrochem. Soc., in press, 1988.

enhancement in specific electrocatalytic reactions 6. S. Gottesfeld, "Ellipsometry: Principles and

occurring at fuel cell electrodes employing these Recent Applications in Electrochemistry," in

alloy catalysts as compared with Pt-only electrodes Electroanaltical Chemistry. Vol. 15. A. J.

with the same specific precious metal loading. These Bard, ed.. Marcel Dekker, New York, 1988.

explanations have evoked alterations in electronic

character,
1 ,2 

lattice spacing changes,
3 

and spe-

cific surface chemical interactions brought about by

the presence of the secondary alloy component.

Investigations of several of these alloys (e.g., PtCr,

PtCo) have demonstrated that a major reason for the

apparent enhancement of the electrocatalytic activity

towards the oxygt. reduction reaction (o.r.r.) is a

process of dealloytng that can generate a porous metal
network of high surface area.

5 
With regard to the

hydrogen oxidation reaction, we have also investigated

a bulk alloy (i.e., PtRu) that is reported to possess

superior performance, as compared to bulk Pt, in the

presence of moderate amounts of CO. In this case, an

optimal surface dealloying of the bulk electrode mate-

rial can produce a surface with both components still

present but not with the bulk stoichiometry. At such

a surface, significant variation and improvement in

the electrocatalytic activity is seen. We review In

this presentation results of in situ and ex situ anal-

ysis of bulk alloy samples undergoing dealloying unde

potential electrochemical conditions encountered in a
fuel cell application. We will desrribe the net

effect that this dealloying can have on the intended

electrocatalytic reaction.

The in situ techniques employed include electro-

chemical and ellipsometric methods.
6 

We will speci-

fically describe how the dielectric spectrum of a

metal-deficient surface layer can be evaluated ellip-

sometrically to yield information on the thickness of

the dealloyed layer, the volume fraction of the "metal
skeleton" in the dealloyed surface, and the degree of

interconnectedness between the residual metal domains.
Analysis of the , tical results, in terms of effective

medium theory, di..inguishes between aggregate random

structures and well interconnected ("swiss-cheese")

porous structures.
The ex situ analysis techniques have included

x-ray photoeler~on spectroscopy, sputter profiling,

low-energy ion surface scattering, and Rutherford

backscattering spectroscopy. This particular combina-

tion of techniques has allowed us to explicitly char-
acterize the surface and near-surface region of these

alloys for the distribution of the chemical constitu-
ents. The results of such an analysis, coupled with

conventional electrochemical techniques, have allowed

us to define potential domains in which dealloying

occurs.
The impact of dealloying on the apparent electro-

catalytic activity will be demonstrated for the cases

mentioned above. For the Pt alloys used for the
o.r.r., it will be shown that the enhancement in

activity is largely due to an increase in effective

Pt surface area following the process of dealloying.

thereby yielding larger catalytic currents per unit

geometric area. The beneficial effects of superficial
dealloying of the outermost surface layer of the PtRu

electrode will be described in terms of the complex

interfacial chemistry occurring when the hydrogen
oxidation reaction is run in the presence of moderate

amounts of CO (%).
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X-RAY PHOTOELECTRON SPECTROSCOPY T _0 N.a i P S Cl
OF TARNISHED AND CORRODED as-pol 50 1.3 26 - 0.4 4.8 - - I.

SILVER-PALLADIUM ALLOY AGD 26 3.0 42 - - 3.5 - 1.8 1.6

tarn 47 1.4 30 1.6 - - 3.7 4.7 -
H.J. Mueller corr 38 - 16 - - 19

Council on Dental Materials. SaBL Zn n
Instruments and Equipment as-pol - - 3.5 12 0.6 -

American Dental Association AGD - 3.8 3.9 13 0.7 -

tarn 1.5 - 1.0 8.2 - 0.2
211 E. Chicago Ave Gorr - 2.2 25

Chicago, IL The AGD reduced the C level by about 1/2

from that on as-pol surface, increased N and

Alloys from the silver-palladium system 0, and had little effect upon Si. Cl, Pd. Ag.

find applications as dental materials. Due to & In. Zinc was detected on only the AGD

oral environmental exposures, surface layers surface, while Na was detected on only the
of the alloy become dealloyed via tarnishing as-pol surface. The tarnished and corroded

and corrosion reactions. The purpose of this surface treatments generated moderate to high

project was to obtain the compositions of the levels of S, 4.7, and 19 at %, respectively.

top-most surface layers of a Ag-Pd alloy in a and reduced levels of Pd. Only the corroded

number of surface conditions which simulated treatment generated higher levels of Ag and

tarnish and corrosion lilely occurring intra- reduced levels of C and 0. On the tarnished

orally. Changes in composition with film treated surface F, P, Cu. & I were detected.
thickness were also of interest. The high resolution peak assignments wereKx -riiental C. as C-R (R=C, H). C as C-OR, C, as O=C-ON,

An alloy (Albacast) containing by weight O as C=O, MeOH, O( as C-O-R, C1 as C1-, Pd,
70% Ag. 25% Pd. and S% In, Cu, and Zn was as elemental Pd (for as-pol and AGD), Pdz as

used. The 12 x 18 mm x 2 mm thick samples Pd oxide (for tarn and corr), P as P oxide,
were polished on one face tc a 1 Um alumina S. as elemental S, S- ( for tarn and corr),
finish, ultrasonically soaked in detergent, S, as SO-(x=3. 4)(for AGD), Cu as elemental
in deionized water, and finally in acetone. Cu. Cu oxide, Zn as Zn oxide, and Si as
Several as-polished samples were treated in a silicone, silicates. Figure 3 shows the
Harrick glow discharge unit with argon. Other composition of corroded alloy with thickness.
as-polished samples were tarnished for 24 hrs The film formed on the corroded surface
with a rotating wheel apparatus, by exposing contained a near surface layer enriched in Ag
the samples to artificial saliva for 1.5 sec S, and C. Palladium and 0 levels increased

and to air for 45 sec per revolution (I rpm). with fi e thickness. Low leels of In
Other samples were corroded in artificial occurred throughout fil . No CI, or Cu were
saliva by potentiostatically holding at 0.17 detected wit- 'itm
V (SCE) until cathodic currents ensued. This I -O
required the passage of 47 mc of anodic
charge (fig. 2). The artificial saliva was
composed (wt %) of 0.04 NaCI, 0.04 KCI, 0.0!,

CaCI., 0.002 Na
5 S, 0.07 NaH

5 PO..H O and 0.1
urea. The near surfaces (z top 100 A) in all
four conditions were analyzed for ejected
photoelectrons by ESCA techniques. Survey

scans were first obtained followed by high
resolution scans at particular binding

energies. Some of these included the C(Is).
Ofis). CO(2p), Pd(3d). P(2p), S(2P), Cu(2p). . -. 0 . ta 5
Zn(2p). and Si(2p). Compositions were EC
estimated from the survey data by dividing
the integrated peak areas (IPA) by the atomic

sensitivity factors (ASF) and normalized
with the summated IPA/ASF from all elements
present. The high resolution spectra were
curve-fitted to resolve the presence of
multiple energy states. Depth profiling was
performed on the corroded sample by obtaining
high resolution data for C(ls). O(Is),

CI(2p), Pd(3d), S(2p). Cu(2p), Ag(3d), and
In(3d5) with sputtering time.
Results and Discussion OL

Figure 1 shows the cyclic voltammetry of
Ag-Pd alloy. A passive region with a current
density (I/A) of about luA/cm

5 
occurred from -

corrosion potential (z -0.3 V) to .0.17 V. -
where I/A increased tc about 8 x t0

- 
uA/cm

5  
C,

Beyond *0 32 V further increases in f/A -
occurred by about 1 order in magnitude. The -
reversal cycle shows one large reduction peak
at 0 V. Figure 2 shows a charge vs time plot " .

for the alloy held at +0.17 V. Corrosion j' - -,.-' ...........
ceased at 17 hrs (dc/dt = 0). ,Q\. ,.,

Table I presents the compositions within , , +..
the top 100 A of alloy in all four states.
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CORROSION IMPROVEMENT THROUGH SURFACE Mn DEALLOYINC

IN Fe-Mn-Si-Al ALLOYS 3.0 E

by J. M. Oh, M. L. Glenn, and 0 D
S. J. Bullard u

Albany Research Center 9 A F
Bureau of Mines 1.0 _ - F

US. Department of the Interio z -
-  

-- C

1450 Queen Avenue, SW. 0

Albany, OR 97321 0
ZQ.3-

One of the Bureau of Mines research goals is to - 0
minimize the requirement for domestically scarce I -
minerals through substitution. Concern for
critical elements, such as chromium, has generated I
renewed interest in Fe-Mn-Al-Si alloys as t 110

substitutes for stainless steels. 3 10 100
In this research on the corrosion behavior, TIME.h

phase transformation and dealloying of Fe-3OMn-Si-
.AI alloys were investigated. Experimental allo,
were preparcd by arc-melting high-purity material,
into 100 g buttons or 2.5 kg ingots. These buttonsand ingots were homogenized for 20 hours at 1,200' l I io.at

C and then hot rolled. Nominal alloy compositions
are presented in table 1.

TABLE 1. - Nominal alloy compositions
(Fe based).

Mn Al Si

A 30 b 30k 0 a4 0 Mm
5 30 3
C 2 Z 4
D 30E 300 201 Layer ae o

F 20 4.5

10
Figure 1 shows the oxidation kinetics of alloys S'

it '000 C with thermal cyclings. The oxidation
rates increased with higher Mn and Si content in 20 40 60:n alloys. Alloy A had oxide spalling after the T(um)

econd thermal cycle. Alloy B and C hTad similar
weight gains. Alloys D, E, and F formed a
transformed metallic layer on the base metal Figure Mn and Si irofiles
surface during oxidation, The formation of this of al.o ' a ft- 8 h, i cxid.'tion mi q00'
tranrformeri layer was due to the removal ol Mn in
th - a loy by the selective oxidation of Mn during
the oidation reaction.

Figure 2 shows the Mn and S: concentration 1 S 6o
profiles of alloy D when cross-sectioned aftrr 8o .
hours of oxidation at 800 C. The depletion of Mn 0 430 SS
rear the surface promoted a local increase of Si > 10
content more than 50 pct from the base composition • -
ils phenomena was applied to increase the surface u- 00o0..000 Before
lver .cncentr.tion of SI in the Fe-3OMn-10Si al0 5 Ater °0°
so that this f,.rmable alloy car be used in, some 31 Fe-3OMn- OS,
appi lication .s Conventionally, alloys which ive > 0
high Si content can only be made by casting.

Figure 3 shows an anodic polarization curve lot
the Fe-3OMn-I0Si alloy IN H0 SO. after hot roll ing i i

and an oxidation treatment of 2 hours at 900' C in 10 102 103 104

solution. The plot for AISI 430 SS is also CURRENI.UA/cm
2

included for comparison.
The polarlzation plot for the Fe-3OMn-lOSi alloy

is similar to that reported for the binary Fe-l')Si Figure 1. Andic lofoi ' tin nuline
alloy under the same conditions. These results alloy F te tet hetin aini ndl,.n i tnt inn,
indicate that the transformed layer formed in Fe- fo 2 ih at ioO r
OMin-IOSi alloy has a corrosion resistance similar

tin those of the Fe- 15Si binary alloy and the
Iconventional stainless steels.
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Field Tests

ANODIC POLARIZATION BEHAVIOR OF TUNGSTEN
ALLOYS IN 3.5% NaCI SOLUTION Tungsten alloys were subjected to

three types of field tests - a) continu-

K. L. Vasanth, C. M. Dacres, R. Conrad ous immersion in natural sea water, b)
and M. Fernandez alternate immersion in natural sea water

Naval Surface Warfare Center and c) marine atmospheric exposure.
10901 New Hampshire Avenue These tests are still on-going after 14

Silver Spring, MD-20903-5000 months, at the NSWC Corrosion test site,
Ft. Lauderdale, Florida. Weight-loss

High density tungsten alloys are in data from continuous immersion test
great demand for various applications, were used to calculate corrosion
Andrew, et al (1) reported that a 90 rate in mils per year (MPY). A plot of
W-7.5 Ni-2.5 Co alloy readily corrodes corrosion rate in MPY versus time of

when exposed to air saturated with water immersion in months is given in Figure
vapor. Koger (2) observed that the cor- 2. At the end of 12 months, T2 had a
rosion rate for tungsten-3.5 Ni-l.5 iron corrosion rate of 1.5 MPY (highest)
alloy increased as a function of pH. while S1 or S2 had about 0.6 MPY (low-
Vasanth and Dacres (3,4) reported the est).
polarization resistance behavior in 3.5%
NaCl and Scanning Electron Micrographs Samples exposed to alternate sea
(SEM) of corroded tungsten alloys, and water immersion and marine atmospheric
showed that Ni-Fe-W matrix alloy preci- exposure field tests did not show any
pitated between tungsten particles cor- noticeable degradation and weight-loss.

roded. The present paper reports the
anodic polarization behavior in 3.5% A visual observation of alloy
NaCl and the field performance of 5 samples from continuous sea water immer-
tungsten alloys exposed to natural sea sion test showed that alloys Sl and S2
water and marine atmosphere. exhibited preferential corrosion and the

rest corroded uniformly over their

Results and Discussion surface.
Anodic Polarization Summary

The compositions of sintered tungsten 1. Corrosion rates of tungsten

alloys considered here, were determined alloys tested were under 2 MPY.
by Energy Dispersive X-ray Analysis
(EDAX) and are given in Table 1. Typical 2. Sea water immersion studies indi-
microstructure of these alloys consisted cated that alloy T2 had the highest cor-
of rounded tungsten particles surrounded rosion rate ( 1.5 MPY) and Sl and S2 the

by a matrix alloy of Fe-Ni-W. least ( 0.6 MPY).

1.2 cm diameter discs mounted in 3. Visual and SEM examination
epoxy were wet polished with 320 A, 400 indicated that alloys Sl and S2
A and 600 A silicon carbide, rinsed with showed localized corrosion.

distilled water, air dried and immedi-
ately put into corrosion cell containing 4. After anodic polarization only
3.5% NaCI. The NaCl solution was kept few shallow pits were seen in S2 and Kl,
aerated. and a high density of such pits in Sl

and Tl.

Anodic polarization scans for each
tungsten alloy were run after allowing References

the system to equilibrate for an hour by
which time the open circuit potential 1. J.F. Andrew, M. T. Baker and H. T.

was almost constant. The potential was Heron., "Corrosion and Protection of
varied from the open circuit potential Sintered Alloy Ammunition Compo-

nents," Proc. 2nd Charlottesville
to +2.5V versus standard calomel elec- Conf. on high Density KE Penetrator
trode (SCE) and the change in current Materials (1980).
monitored. A scan rate of 0.5 mv/sec was
used. The anodic polarization curves 2. J. W. Koger., " Corrosion of Tungsten
obtained for three tungsten alloys are -3.5 Nickel-l.5 Iron and its consti-
given in Figure 1. Alloys showed acti- tuent Phases in Aqueous Chloride
ve-passive transitions indicating some Solutions," Preprint Y-DA-6063, Union
degree of corrosion. Four distinct knees Carbide Oak Ridge Y-12 Plant, Oak
were observed on each polarization Ridge, Tennesse, Nov. 1974.
curve. Koger (2) reported the presence
of three distinct knees for W-3.5 Ni-l.5 3. K. L. Vasanth and C. m. Dacres.,
Fe alloy when studied in D.lM NaCl at pH "Corrosion behavior of Tungsten
4. It has been observed that tungsten Alloys," Abstract No.274, 172nd
remains passive above +2.5V versus SCE. Meeting of the ECS, Honolulu,
Examinatior, of samples after anodic Howaii, Oct 18-23, 1987.
polarization scans indicated that S2 and
Kl had very few shallow pits while Sl 4. K. L. Vasanth and C. M. Dacres.,
and Tl showed a high density of similar "Corrosion of Tungsten Alloys in
pits. Marine Environments," Proc. 1987

Tri-Service Conference on Corrosion,
AFWAL-TR-87-4139, Vol II, 165-186,
1987.



Table 1
Composition of Tungsten Alloys by EDAX

Weight %
Alloy Tungsten Iron Nickel

Kl 98.5 0.6 0.9

S2 98.3 0.6 1.1

Sl 94.8 1.9 3.4

Tl 94.5 1.8 3.8

T2 93.5 1.9 4.6
2.51

2.0 T2

*711.5

'2 2

0.5 Ki T2 T1

0.0

-7 -6 -5 -4 -3 -2

Figure 1. Anodic Polarization curves
for 3 Tungsten Alloys.

2.000- --- --o 1[_--. -0 Sl

1.500 + 0- i
-- A O o- -- -- . 3- 0-" T2:

0

X 0.500-
0
C.

0,000 -- . - -+-------+------I- --- -1--

2 4 6 8 10 12 14 16

TIME IN MONTHS

Figure 2. Corrosion Rate of Tungsten
Alloys in Natural Sea Water.
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Transient Dezincification of Brasses in of reaction dependent upon pH. Such excess
Aqueous Solution charge cannot arise from oxidation of zinc

from the metal surface alone; rather, the
G. Gao and G.T. Burstein zinc emerges from depths of many atom layers

within the electrode. The process is
Department of Materials Science modelled by allowing the rate of decay of

and Metallurgy the current transient to he controllcd ty
IUniversity of Cambri6dw - accelerated non-steady state diffusion

Pembroke Street of zinc to the free metal surface at which
Cambridge CB2 3QZ it reacts. The origins of such modelling
United Kingdom lie in the potential independence of the

rate of reactions of zinc from the brass
matrix, both in alkaline and in acidic

The electrochemical behaviour of freshly solutions. The data presented reveal a
generated brass surfaces in aqueous diffusion coefficient some ten orders of
solutions reveals a range of complex magnitude higher than the coefficient for
phenomena associated with oxidation of both zinc in bulk brass. Such enormous
copper and zinc components. These phenomena acceleration arises from the vacancies
are difficult to resolve into individual generated in the metal lattice by the
reactions of the individual components. By derincification process itself.
examination of the potential range defined Quantitative computer modelling is presented
between the limits of equilibration of zinc showing agreement with experimental data.
with the solution and that of copper
equilibration with the solution however, the
behaviour of zinc in the brass matrix can be
explored. The processes described in this .s

paper relate to this regime.

Copper and brass electrodes were separately
exarmined in solution using the
pctcntiostatically controlled scratched
rotating disc electrode; in this technique a
small scratch is generated in the disc
surface in situ in -0.

7
ms and the consequent

current transient is recorded. Current
transients measured for freshly generated Brass
copper and 70/30 a-brass surfaces in !.OM .2
KOH at the same electrode potential are
shown in Fig. 1. Two features are to be C.
observed. First, the potential of
-0.505v(she) is below the potential at which
copper equilibrates with its bulk oxide
(Cu O) at pH 14 (E = -0.356V(she); despite 4
thii, the new copper surface gives rise to
an anodic current transient which decays.
Second, the freshly generated brass surface
also produces an anodic current transient
which is larger in magnitude than that on Fig. 1 Current transients on freshly
copper, and takes longer to decay. Similar generated copper and 70/30 a-brass
measurements have been made over a range of surfaces measured under identical
potential in a number of electrolytes; all conditions below the Cu/Cu2O
show that copper is anodically active at an equilibrium potential.
underpotential with respect to equilibration Electrolyte = I.0M KOH.
with the bulk oxide and that brass, also E = -0.505V(she)
anodically active, produces a significantly
larger current density, decaying over a
significantly longer period.

Kinetic analysis of such transients produced
on copper demonstrate that the currents
emanating from the scratch arise from
formation of a single monolayer of oxide;
integration of such transieq~s produces a
charge density of -0.2mC cm , estimated to
be the charge associated with a single
monolayer of CuOH (or CuO), independent of
potential and pH. No futther reaction of
copper at these low potentials has been
detected.

The excess current detected for brass
surfaces must arise from anodic oxidation of
zinc which lies at an anodic overpotential.
Integration of the excess current with
tespect .o time reveals substant~ally larger
charge densities, up to -2mC cm after is
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ATHE INITIAL STAGE OF Clustering of water molecules at sub monolayer

ATOSPHERIC CORROSION coverage leads to the accumulation of significant local

surface volumes of water where the properties of

Joe H. Paver and Sandeep K. Chamla adsorbed water approach that of bulk water. This

inhm-ogeneus alsvrption a' water from the atmosphere

beparment of Raterials Science presents the condition for initiation of microcell

and Engineering corrosion, This has not been widely recognized in to e

Case Western Reserve University existing models of atmospheric corrosion.

I Cleveland, Ohio 44106

The concept of a critical relative humidity is

INTRODUCTION well established (2). Furthermore, it is clear that

Electrochemical corrosion processes in thin films ti uaiue is a functiun of gas composition i,

of electrolyte and condensed moisture layers are not particles on the metal surface iu ) and surface

well understood. While the science and technology of irregularities al. The distritution and form of water

outdoor atmospheric corrosion are fairly well on hc surface is also citical

Sestablished on a macroscale, the understanding ofindoor atmospheric corrosion regires a knowledge of Water does riot adsorb as a unifo'm film on te

surface but rather as water clusters (b (7). Our vnew

processes on the mIcroscale. of the uto;os of ad-ptopioc of water ae shown

The objective of this research Is to understand schematically in Figure 2. The first water forms a'

oxyhydroxide laiL, of the metal. Higher relative

the initial stage of atmospheric corrosion. humidity results in the formation of water clusters,

Eetectrochemical science can ne eotended to the unique and still higher relative humidities result i' a

microcell corrosion geometries during the initial continuous moisture film.

corrosion stage. The role of tiny clusters of water

ij5 nm radius) on the corrosion process has not been Rice et. al. (e,9) related the morholo;,
r 
Z'

widely recognized and is a principal component of this corrosion observed on thin foils on metal to the

study. Payer and Chawla relate the presence of mater presence of water clusters on the suriace. 'heir

clusters to the severe corrosion observed in the early calculations determined a circular cap conliguration

stages of condensation (I). It is believed that this for the clusters with a radius of 50 nm and a cap

.xtension to traditional views will more satisfactorily height of !7.5 nm.

describe observed behavior. This has strong

ipl ications regarding the understanding of strategies Water clusters can effectively scavenge

to control microcell corrosion and methods to monitor atmospheric pollutants thereby attaining high ionic

atmospheric corrusion both indoors and outdoors, concentrations and exhibiting increased conductivity.

Under such conditions, local microcorrosion ceiis can

EXPERIMENTAL be set up on the metal surface. The condensate cluster

The early stage of atmospheric corrosion is provides an ionic conduction path between anodic and

studind by the determination of surface chemical cathodic regions within the micrOC rSon cel . The

compositon and surface structure before and after chemwisry of the electrolyte in these corcensate

eoposure to corrosive environments. Copper and silver clusters and its relationship with the nature ard

were selected for the initial experiments because of concentration of atmospheric gases is critica0y

the .ealth of data available on their atmospheric important.

corrosion behavior. The metal specimens are exposed to

atmospheric conditions with controlled relative A theoretical development or ondensate clustnr

humidity and mixed gas composition. Subsequent to chemistry has been attemoted by several researchers

exposure the distribution, morphology and chemistry of (l0)(ll . All such models implicitly use

the corrosion process are determined by PEM, XPS, AES thermodynamic equilibrium criteria of eguating the

and SEMEDAX. chemical potentials of gaseous species in the vaoor

phase and in the aqueous phase. The changes in ionic

RESULTS ND DISCUSSION concentration as a result of corrosion reactions and

desorption are not accounted for by such models, and

An important aspect of t is study is the the effects of these latter phenomena can be

characterization of the morphology of corrosive damage. significant. The goal of this research is to combine

This is critical for any attempt to corroborate model experimental observations with the development of a

predictions of corrosion rates, because the morphology model of microcell corrosion to better understand the

of attack is related to the amount of damage at any initial stage of atmospheric corrosion.

instant. This forms a phenomenological basis for the

model and a data base to test the model's predictions.

Preliminary results from our laboratory show the

morphology of corrosion of copper exposed to a 707

relative humidity with sulfur dioxide. Figure I is a

TEM micrograph of microcell corrosion sites on a copper

fol. The size, shape and distribution of microcell

corrosion sites are evident from the corrosion damage.

The Initial sites of microcell corrosion are

documented as well as their growth with respect to

shape and size as a function of exposure time and the

environment.

1I5
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Abstract No. 107

* Stoichiometrically simple chlorides are rarely found either in nature or
on corrosion layers. The principal reason for this fact is that the

CORROSION I 
5

YER CONSTITUENTS AND NATURAL MINERALS: simple chlorides are highly soluble, except for those of silver and lead.
SIMILARITIES, DIFFERENCES, AND THEIR CAUSES Iron, copper, and zinc form hydeoxychlorides or oxychlondes, some of

which are seen in atmospheric corrosion layers. The zic
hydroxychloride is quite complex; it may have been misidentfied in

T.E. Graedel lieu of one of the simpler possible forms. Structurally simple

AT&T Bell Laboratories aluminum and lead hydroxychlorides occur naturally but have not been
Murray Hill, NJ 07974 found in corrosion layers; this may be another instance of overlooked

constituents. In addition to the relatively common FeOCI, ion
inevitably forms a constituent referred to as "green rust"; this quasi-
amorphons transitory corrosion product has been tentatively idenofied

Many natural minerals are formed under conditions of moderate as 2Fe(OH)FeOHCI-FeCI(Ol)fr. Little informaon is available on the

temperature, mo .ie, and normal atmospheric pressure. Similar solubility of the hydroxychlorides, but they ay 5 -ought to be less

conditions are present during the formation of cerrosion layers on metals soluble than the simple chlorides.

exposed to the atmosphere. To explore similarities and differences in the
Occurrence of chemical constituents in these two systems, seven common The situation with carbonate salts of the metals resists easy

industrial metals and their corrosion products are surveyed and compared characterization. Zinc carbonate is extremely abundant in atmospheric

with the inventory of natural minerals. corrosion layers. Lead carbonate is apparendy common as well.
Except for the possible Occurrence of small amounts of a copper

If concecntrations of dissolved anions were the only consideration in hydroxycarbonate, no other carbonate corrosion products are known for
atmospheric corrosion, infornation on the chemistry of atmospheric gases any of the other metals despite the natural occurrence of carbonates,
and precipitation would lead to the predictoin of high concentrations of the presence of relatively high concentrations of bicarbonate in the
nitratue in surface corrosion layers, with somewhat lesser and roughly aqueous surface films, and the fact that carbonates are generally
similar amounts of sulfates, chlorides, and carbonates. Such a prediction is insoluble.
not bome out by analyses of the relative abundances of corrosion layer
constituents for the seven metals and comparison with the simplest stable The only nitrate species known to occur in corrosion layers is an

related mineia! which incorporates both the metal cation and the hydroxynitrate compound of copper, and it is not abundant. Natural

arnspriaie counterion. The data all refer to outdoor exposures, for which meal nitrate minerals are also quite uncommon.

by far the greatest amount of information is available. ilus, most of the corrosion products found on metal surfaces following

Several chemical characteristics of the corrosion layers, some trivial, some exposure to the atmosphere are identical with minerals that are formed in

less so, are immediately revealed: or on the earth by natural processes. In both cases, stable prod-icts are
formed in an environment characterized by abundant water, dissolved

If no naturally-occurring mineral is known that incorporates the metal oxygen, and compeiit.on among anons. Over long periods of time, those
cation and the counterion, no corrosion product incorporating those products that are thermodynamically favored in such environments will be
constituents is found. This result implies that natural mineral forming produced. Kinetic processes and transitions through metastable
processes at atmospheric temperature and pressure (called "supergene" intermediates may be important on shorter time scales Solubilitv
processes by mineralogists) are similar or identical to the chemical considerations are obviously involved, since the rarity of nitrates and
processes involved in the formation of corrosion layers. simple chlorides in the corrosion layers is consistent with the high aqueous

Except for silver, which does not naturally form an oxide at solubility of those minerals, just as the uhiquitous presence of oxides,

atmospheric temperature and pressure, oxides of the metals occur hydroxides, and mixed hydroxy salts reflects their low solubility

naturally and are major constituents of the corrosion layers. The Mineralogists have been no more successful than corrosion scients._ at

stoichiometry is in each case that of the simplest possible oxide. The reducing all of these processes to a tidy formalism, but it is clear that the

oxides are quite insoluble, so they are retained in the corrosion layer chemical and physical steps involved in the formation of natural minerals

once they are formed. and those involved in the formation of corrosion layers on metals exposed
to the atmosphere are similar or identical, despite the vastly different ume

If a stable hydroxide or oxyhydroxide mineral for a given metal is scales involved for mineral formaton in the two regimes.
known to occur in nature, it is present as well in corrosion layers.
Copper has so stable hydroxide minceral, and its dihydroxide appears in
corrosion layers only as a thin covering atop the oxide. Tin(II)
dihydroxide has not been reported, but is probably present on the
surface of exposed tin and might be found if sought In the case of
lead, the equilibrium favors the oxide rather than the hydroxide. The
hydroxides are generally rather insoluble, but their solubility products
vary widely.

Sulfate minerals am common in the environment and sulfate corrosion
products are common on the surfaces of metals exposed ontdoors. In
the cases of iron, zinc. and lead these products are the simple sulfates.
sometimes with waters of hydration included. In the case of copper,
the most stable sullate-containing species is the relatively complex
hydroxynulfate mineral brochantite (Cu(SO4XOH)6. The simplest
stable aluminum sulfate mineral is about as complex as brachuntite. but
has n beer fonI; rather, an amorphous hydroxysulfate occurs on
aluminum in substantial abundance. This metastable species is known
to be very insoluble. a property which probably accounts for its
presence in aluminum corrosion layers. No stable silver sulfate
mineral is known, but silver sulfide minerals ae sometimes seen in
nature and in corrosion layers. Sulfates are generally soluble, but
silver sulfide and the hydroxyx Ifates are not.
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Abstract No. 108

ATMOSPHERIC CORROSION BEHAVIOR IN SOUTHERN CALIFORNIA sensors exposed at Burbank between April 1986 and
September 1987. The value of INT is determined by
integration of the i/%p-time curves for 12 h inter-

F. MANSFELD vals, where Rp is the polarization resistance (2).
Materials Science Department In all cases corrosion rates start to decrease

University of Southern California between August and November 1986 and increase again
University Park, Los Angeles, CA 90089-0241 in May 1987. It will be noted that this time

dependence of the corrosion rates does not follow
and the linear time dependence of the cumulative time-

of-wetness, t80 , which is the time (in h per month)
R. VIJAYAKUMAR for which the relative humidity RH exceeded 80%.

Environmental Monitoring and Services, Inc. Fig. 3 also shows that for both zinc and nickel the
Camarillo, CA 93010 sensor facing the sky has higher corrosion rates

than the sensor facing the ground. These results
demonstrate convincingly the detailed information

RESULTS AND DISCUSSION which can be obtained with continuous monitoring of
atmospheric corrosion phenomena using

The effects of acid deposition on materials are electrochemical techniques.
being investigated at present at three sites ir
Southern California and a site in Northern Califor- The weight loss data from the laboratory test have
nia which serves as a background site. Laboratory shown that only S02 has an accelerating effect on
studies are being performed in support of these the corrosion rates of galvanized steel and nickel
field tests. Samples of galvanized steel (non- under the conditions used in these tests (RH = 80%,
passivated), nickel 200, flat latex paint (with and 1.5 h cooling cycle 6h (1)). NO2 and 03 might have
without carbonate expander) and concrete have been a slightly inhibiting effect; however, a detailed
exposed starting in March 1986 (1). statistical analysis of the data has not been car-

ried out so far. At present the effects of HNo 3The test sites in Burbank, Long Beach and Upland, aerosols are being investigated.
located in the Greater Los Angeles area, were
selected based on their characteristic SO2 and NO2  SUMMARY AND CONCLUSIONS
levels. The test samples (10.2 x 15.2 cm

2 ) 
were

exposed at a 30
° 

angle to the south on racks accord- A preliminary analysis of the results obtained so
ing to ASTM G50-76. Five sets of samples were ex- far in this on-going study has produced some very
posed between March 286 and JIy 1987. Duplicate interesting and to a certain extent unexpected
samples were removed after periods of 100 to 500 results. Zinc or galvanized steel have been used in
days. Atmospheric corrosion rate monitors (ACRM) most studies of atmospheric corrosion carried out so
(2) were mounted on galvanized steel and nickel far. The corrosion rate can be used to characterize
plates, respectively, with one sensor of each mate- the corrosivity of a given test site. Previous
rial facing the sky and one facing the ground. The results obtained for zinc in a thorough exposure
ACRM data are collected on magnetic tape using a program in Scandinavia and Czechoslovakia have been
data logger. summarized by Kucera (4) who pointed out the domi-

nating effect of SO2 in inland sites. For an expo-
Figure 1 shows the weight loss data for galvanized sure period of one year the weight loss K (g/m

2 ) 
was

steel at the four test sites. Several interesting a linear function of the SO2 deposition rate Cs02
observations can be made by inspection of Fig. 1. (mg/m

2
.d):

It can be seen that there is not much difference in
weight loss at the four siter. At Upland the weight K = 7.21 + 0.13 cS 0 2 ; r = 0.81.
loss after one year was somewhat less than that at
the "clean" site at Salinas. Corrosion rates are
very low amounting to less than 0.5 om/year which is Inclusion of the time-of-wetness did not improve the
typical for a rural site (3). For Burbank and Up- correlation r significantly (dy. The weight loss
land the differential corrosion rate is very low for data shown in Fig. 1 for one year correspond to an
the time between October 1986 and January 1987. average value of K of about 2.3 g/m

2
, which is lower

This can be seen in more detail in Fig. 2 for Bur- than the weight loss according to Eq. I for cSO 2 -

bank, where the weight loss data are plotted for 0. An explanation of this result could be given by
samples which were first exposed at different times assuming that the time-of-wetness at the present
in 1986 and 1987. By comparing the slope of the exposure sites is suffi,-iently less then that in the
weight loss-time curves for the first three months study cited by Kucera (4) and that all other pollut-
it becomes obvious that corrosion rates are similar ants either do not have an accelerating effect on
for samples which were first exposed in February and corrosion or act as inhibitors. Based on the data
June 1986, but much lower for first exposure in obtained for t8 o, the time-of-wetness would be be-
October 1986 and January 1987. The fifth set which tween 2000 and 3000 h/y which is typical for sites
was exposed in July 1987 shows the highest corrosion in the temperate climatic zone (3).
rate. The very low weight loss data in the winter
months have been observed at all four test sites. The weight loss data for galvanized steel character-

ize the corrosivity of the atmosphere in the Greater
Corrosion rates are also very low for nickel and Lon Angeles area as one typical for rural areas with
decrease for the winter months. Corrosion damage is S02 deposition rates of less than 10 mg S02/m

2
.d and

the lowest at the site in Salinas and the highest at corrosion rates of zinc between 0.2 and 2 um/y (3).
B-urbank and Long Beach. The observed corrosion rates were about 0.3 m/y

(Fig. 1). This is indeed a surprising result con-
The pronounced seasonal effects on the corrosion sidering the heavy pollution in the test area and
rates of galvanized steel (Figs. 1 and 2) and nickel the reported low pH values for acid dew and fog.
are reflected also in the ACRM data which have a However, pollution in this area is different from
much finer time nelL. Fig. 3 shows plots f 't others insofar as 503 levels are very irw.
the cumulative corrosion damage INT for the four
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The seasonal effects observed for galvanized steel
(Fig. I and 2) are also very interesting considering GALVANIZEDSTEELIBURBANK

the fact that rain occurs in Los Angeles only during
the winter months which is the time during which
corrosion rates dropped to very low values. Appar-
ently, toe rain has mainly a cleaning effect. It
will be noted that usually corrosion rates are the ,- -

highest during the winter months when SO2 concentra-
tions reach their maximum. Again, the present study y . /
has revealed trends which are entirely different. A-

A thorough analysis of the results obtained in the -

projects discussed here will result in dose-response
or damage functions for the Greater LOs Angeles -

area. While in principle a universal damge func- - X-
tion should be applicable to any type of atmosphere, . , ,-,- I
it seems that the damage functions which have been A A

developed so far (3) do not apply to the present
situation which is quite unique.

Fig. 2. Weight loss data for five sets of galvanized
Acknowledgement steel at Burbank.
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Abstract No. 109

VIBRATIONAL SPECTROSCOPY AND XPS FOR ATMOSPHERIC In order to gain some insight into the possible

CORROSION STUDIES ON COPPER in-depth distribution of S and N a separate XPS
study of the 170 hours sample was performed, were

0. Persson and C. Leygraf the surface sensitivity was varied by changing the
take-off angle of the detected photoelectrons with

Royal Institute of Technology respect to the entrance slit of the photoelectron

Division of Corrosion Science, analyser. The v--ation of the ratio N/(N-S; ,hen

S-100 44 Stockholm, Sweden going from higher surface sensitivity (tilting the
.umple with respect o the analyser) to lower
surface sensitivity (90 htween sample surface and

Surface analytical techniques are important tools in analyser) shows that the ratio increases with higher

mechanistic corrosion studies, since they can surface sensitivity. This together with the FT-IRRAS
provide structural and chemical information on a results described earlier suggests that the nitrate

corroding surface. Because of inherent possibilities layer has grown on top of the hydrous sulfite layer.

and limitations it is often necessary to use more
than one technique when solving problems in surface The Ramam measurements gave spectra witn sands that
science. This requires the knowledge of a wide range were assigned to Cu 0 When going from thinner to

of methods in order to select a suitable combination thicker corrosion AlmS the Cu 0 bands increase.
giving the proper complementary information. Methods suggesting that the amount of Cu& is higher in the
using electrons and ions as probing particles have thicker than in the thinner filis. No peaks due to

been more frequently applied to studies related to nitrate or sulfate/sulfite phases could be detected.

atmospheric corrosion (1-3). Optical techniques such This can be explained by considu-ing the Raman

as infrared and Raman spectroscopy on the other scattering mechanism. Cu 0 is known to show resonance

hand. have despite their possibility to obtain Raman scattering. givinj an considerable enhanced

in-situ information so far found only very limited Raman signal. The other corrosion products are
use in the field of atmospheric corrosion, probably not resonance Raman scatterers and are

probably too thin to be detected when normal Raman
In the present work Fourier transform infrared scattering mechanisms are operatinq

reflection absorbtion spectroscopy (FT-IRRAS), Raman
spectroscopy and X-ray photoelectron spectroscopy To summarize, the present .tvdy i ljstrates how
(XPS) have been used to study thin corrosion products different complementary surface sensitive techn'oues
formed on copper exposed to humid air with minor can be used to obtain chemical or structural infor-
additions of $02 and NO2. The results presented were mation on the initial growth of tn i, ayers causedoptained under eS-situ conditions but the optical by atmospheric corrosion of metals. Hence when Cu
techniques FT-IRRAS and Raman spectroscopy may well interacts with flowing air at 75% relatise numidty
yield in-situ information when modified with a and with addition of SO and NO2 at 0.25 ppm the
convesiiit e~lerimrnt l set-up. compounds listed below

2 
could uhambguously be

identified by the following techniques used:
Copper samples were diamond polished. washed with
distilled water and ethanol and enposed to flowing Copper oxide Cu 0 (Raman spectroscopy growng
air at a relative humidity of 75% to which 0.25 ppm most likely nex to the metal substrate.
of both SO2 and NO, were added. The time of exposure
was 2, 7. 20 akd 170 hours respectively. Some Hydrous copper sulfite (IRRAS and XPS).
inhyphods samples wca le't as refererce sdamiples oid
stored in an atmosphere free of humidity and corros- Hydro-,' copper nitrate (IRRAS and XPS nnowing or
ive gases. The FT-IRRAS measurements were made with top of the hydrooAs copper sulfite 'aye-.
a Bruker FT-IR spectrometer, IFS 113 V (located at
Bruker Analytische Messtechnik. GmbH in Karlsruh8 )
with p-polarised light incident at an angle of 80 . Refe, -cc :
The Raman measurements were made with an argon laser
at an excitation wavelength of 488 rm. The XPS and 1. Graedel, T.E., Franey. I.P.. Gualt eri. G.j..
Raman spectrometers have been described elsewhere Kamnslott, GW. and Malm. D.L.,
(3, 4). Corrosion Science. 25. 1163(19f5)

Estimates of the thickness of corrosion products at 2. Sharma. S.P.,
various exposure time were obtained by means of J. Electrochem. Soc.. 1,7. 21(1980)
catiodic reduction which shows a thickness of 5 nm
after 2 hours of exposure whereas the thickness 3. 2akipour. S. and Leygraf..
after 7, 20 and 170 hours were 8, 17 and 36 nm J. Electrochem. Soc.. 133. 21(1986)
respectively.

4. Thierry, U. nd teygraf. C..
The infrared spectra are rather complex. The samples Surf. Sci., 149. 592(1985)
exposed 2, 7 and 20 hours exhibit spectra with peaks
that were assigned to hydrous copper sulfate or
hydrous copper sulfite. The XPS resulL support the
latter alternative as judged from the binding energy
of the S2p-peak. On the sample exposed for 20 hours
a pea' assigned to hydrous :^;;r- nitrate has bpqin
to grow and in the spectrum of the 170 hours sample
it is the strongest peak present. The assignment of
the peak to hydrous copper nitrate is supported by
the XPS-data which show a nitrogen. Nis-peak with a
binding energy corresponding to nitrate.
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Abstrat he- 110

Darkening of medieval glass. sion of the discolored surface layer, as it
A special type of atmospheric corrosion was carried out in the early sixties at :le-

of glass. dieval stained glass windows of St.Brsii a at

51-pha FitzLegden/Westfalen is contradictory to a , ohe'n
Stepha Fitzu~iderstanding of conservation.

ltmweltbundesamt
Bisnarckolatz 1, D-1000 Berlin 33, Germany For restoring original color 'perception t

the glass there had to be found a chnccrial
The weathering of medieval stained glass treatment hy which the undesirable oia~m
,,lindows which is accelerated by air pollu- of the iron- and manganese compounds rcu!, cc
tants leads to surface degradation arid reversed, all other components or tie already
pitting of the glass together with the for- currooed glass should be left unaltered -icw-
cation or weathering crust (1,2,3). Beside ever. The oily reducing cent whenh 15 expe-c
this extensively studied and until now fairly ri-sent yielded the (desired' effect, was f'-und
understood mechanism of deterioration of this a 24% aqueous solu.tion of hydrazine. All
uinique works of art a numoer of glasses shows other tested reducing agents failed, s~nce
loss of transparency, shift of their color they caused serious damageod toe or:-4,ra,
toward! brownish tones or even darkening uip to glass matrix. The positive effect of h/crazi-
total opacity, beside the discoloration there n- was very sororising, Since this solution
could net be found any other changes of these with a oil of 11.5 would be exoected to attacs
classes by visual Insoection :no corrosion glass. LecichitnI xec-rimet, of medieval ;las
o'-edocts wer-' drccosited and the originai hy severe' di'-'e'-en' a'.lln sqln_ as so-

:lsof the i lass Surface seemed tu be wire- diu-t hyrrox..:- o: a- mn-c-c e onowecdl
,it changels, stror c at tanm -ns thMedieval aclass

fr,, rA'' er e'; at)cd-il, nsic;, uu avaslable
-crt ints for the real nature of the ubser- Ini a "31r amcj'-" A-h 15>35I1 , 1_ usili

v ff-ct gave -ircrscopic examinac ion of for '-h'- choerirnts Afte 30,-s treat-
'-i'- darkeone-:, ss The surface shows a net Pernt uit'c h'dacn weic-h' oss is evenfissures lon-; which a dec- brown '-icclwrrnsme

iiscolorjatioo -an 1)0 obered bviously d ur' tr,,ati it, wat-er :--' a -t
to osi -111 dln.I sin orSo r own compounds.

hecausie of tn,-ie"trenel-' small Amount cf the A f ''cl ecolamat ft hi '--o ''a't
-- i~ud n anlssof teobserved pro- effect of h),'"ru C" a tacost ala! inc attaCs
could not be carried ouit in our Laa - c '5 St -1 '-

-ore. The fact ti,'- '-he U "Kning has been -h-o1i ves a ve'!y 'setno -
obsirv-i on'yA 3'')-' w-'-i ni-i'i cont e'it. of Sc'vi-r of 11-s ' 5i' ml'
iron '-I man-'an' c, aIu iond The '-at-men- of darce.- '0 -hss -'v-i- hv-'ra-

'ha -'-par ' - c -e e-,'ed an m' ctii~ cve rt'cc10e 'is !an- --e fol-con
urfe 'Ic A.'- -o i IAs r ,Lle Y' a is p-recau' c-na-'. "'-'a-s

oofeco x e~~terci Mini and t-c -'-ve-c'A exdt IFZ*a1

to tis tb~e f chnges r''uect i treatmett- A5iilt:cl a
Temechan'sm leadino to hi tynej o'~ change a1n acai- -Aa s

-f the 11ass is *s-iiree b y as n i at' a-cs rcS'-'-vc at '-'a'-Sr ui
5

'* -a
oin t-he qas;ufc.IAn i-cn--han, A nig"l
celc mc T he ut'-e hccwre eoie at -n2 -,n Acm 3"KA-1,"
t-c nu'-fa- or csamcle, cy acid rain at'- - ) ca '-aus, dt-)!,-a.
exchanlge' DV '"' st 'mci In cat 'cns of the irc-~-
glass - itt's - a'- typircal composed nedieval f- ccnk1' 'e'i
ql 155" an dot t'aSUm or calci um ins. o'-ganc nc11if 'nod -I li-A'
W ihe n tan e Vu miti jS:),LA otss; I un a nd c alIc iu r T te r1 e ! , ,.(5, ip!ii to
cat i"'s a'-'romve fr--c ti -;, la- matrix t'ic h- '-aic ' A ,t
remhin i- -o'iots of the original glass - t-u' cv 'as'-- r -s f
mainly di,-- ioxide - torn aI -ji at t hce I'- '-- i- i n',

S ir f aco- No rra c L imate c7rha nges as- va rc At ico n I-ccc'-'I'-- , r 1 1 ,
I, ocr'a'cr i relat ivi' 'umiclit y in tthc'' ael f4N o
s'rroundin'i lehi tro a host abi I i at ion of tni'kn,.n,,
i-lby lo-if water as'( cause the format ion
,f a crizzleil surface, At theo siirlace oxy;es P,, fernc('s
hias free -c 1, - Fe2* an') Mn2*-cccns, whichn 1 titenoc1 Al, 1Th 8st r At -71 )i o-ecva,
i n it iAllIy !I e en bonr) w I -- i t he qgla s Iain-dlla s s, S-I-i1. As'' -c,i '-a,
mcatrix, 'rhc -color of the newly formned 'xicla- I .lk', 3"
1Ion erortu'ts turns firom t e cn;ct i-alI pale (, 2 1 Fi 7, S.c 1)o A Ir 1-:' lt ants ia"' t

gjreen, r)i pink crlor to 'l ark brown of rio stained tlas0 windiws:, i'i--Fl.Ictc
For- and Ml3- --c-so, rcn4'-ions. As the Solo- <heml cioo, l48s, 1, 2; '-; i
bility of 'he new ciroducts (rices and 'cxii- I ij-'c ,kl.if'a Ii.'''' ictit cccn a'cc'
hydrat es rif irton ax manganese) IIs very [ow, serve' can "t lan'-'' 1lass' A -', cc.
the-/ remain at rheoucter :,urfci'i' if th ?t 5GIm ;! Iic c'crIcicl. ir : 0%cc'scc. Accv-rItI
cage I , espec IalIly w Ith In the m Icroscop ic Po-- 14182
fissures,. Rstorat-n 'if teedarkened 14c ilr . ta~h 't
g~lasses is not 'ucssible with sui'able methods caxlrcn I-t-.m' '-
w ithout cinds irat)Ie l oss of Subst ance,: tb' h- 'i- 2
'i sciaIIy apipIled mechan icAlI cle a n ing mtit ds N' T'cni', . ct .Al c Neci' - 'I-
whci -ire more cir loss surec'sful whein rwca- Mi1'stc ;i'' iitihtci
thern s' crusts Are ren ov-d, fa I because t h"'c-- c' Y1- W)940,c,'--
lark l ayrs are cnl y ext re Iy 'his coat in-q
3- very 'sees2it i' slir faces,. (K-csing or alit -



Abstract No. Ill

ATMOSPHERIC TARNISHING OF SILVER BY HS: With HS-NOz mixtures in dry air, y was 1.5.10-
5 

to

KINETIC STUDIES USING A FLOW REACTOR 3.5.10-
5 
when the concentrations of the two corrodents

were similar. The deposition velocity rose sharply

Leo Volpe and Phillip J. Peterson with increasing NO, level. In the process, NO was

consumed twice as fast as 112S, quantitatively

International Business Machines Corporation converting to HNO, gas. Thus, a reaction not reported

General Products Division in the literature, 2Ag + HS + 2NO, = AgS + 2HN0, is

San Jose, California 95193, U.S.A. responsible for the accelerated sulfidation.

In a humid air mixture having 0.5, 0.3, 0.04, and

Gaseous air pollutants are known to play a key role in 0.003 ppm of NO,, SO,, HS, and MCI, respectively,

atmospheric corrosion of metals. The mechanism and surface sulfidation prevailed over clloridation. The

kinetics of corrosion depend on the type and level of rate held steady een after the build-up of hundreds

corrodents at the surface. When the metal corrodes, of AgS monolayers. This is consistent with high

the rate of corrodent delivery from surrounding air is mobility of Ag+ in the sulfide film. At 298 K, the

trying to keep up with the rate of consumption by the reaction probability with HS lay between 10' and 1,

sample. As a result, the surface concentration of a as shown in Figure 2. These high values are believed

reactive gas generally falls below the observable tc stem mainly from the excess of NO, The rate is

bulk-air concentration, and the corrosion rate is controlled by the delivery of pollutant to the Ag

reduced accordingly. The extent of this decrease foil. Under most cnvironmental conditions, mass

depends not only on the metal's chemical reactivity transfer of corrodent gas to the surface is expected

but also on the conditions of mass transfer of gaseous to limit the rate of sulfidation.

polltnx's. Experimentally, the effect of mass

trnap-rt on the rate is manifested in the influence

of air velocity and flow pattern near the sample, '3cm -20cm

which Is well recognized in the corrosion literature.

As am example of a process affected by mass transfer, To gas
we examined the tarnishing of Ag in corrosive mixtures WGsruen

contaminated with sub-ppm levels of HS. The Glass labe Sgurif oo

sulfidation, important as the major cause of silver

corrosion, has been extensively studied. Our samples

were metal foils in the form of circular tubes (Figure Figure 1. Tubular corrosion reactor. The metal foil

1). Inside them, air with HS or HS-containing lines the tube's inside diameter.

mixtures was passed. As we varied the mixture

composition, flow rate, tube length, and duration of

exposure, we monitored gas concentrations at the tube 40

inlet and outlet. This gave the instantaneous rate of

corrodent incorporation Into the foil. After exposing

the sample to a gas mixture for a period of time, we "'0

determined the type and amount of solid corrosion " f "A

product as a function of distance from the tubes"

entrance.

The tubular reactor has well-defIned and controlled

flew conditions allowing us to separate the intrinsic

kinetics of surface reactions from the details of

corrodent delivery. From data on reactor conversion

and rate of Ag'S film growth, we derived the pollutant

deposition velocity at the surface and the . , . . -. ts , -J

corresponding reaction probability (y), I.e., the 0 i0 in

probability that an 9,S molecule colliding with the Dmlaob om1ea,uead,(cml

sample will form sulfide.

Figure 2. Depletion of 9,S from corrosive air (0.5,

In dry air at 293 K, H,9 transformed Ag Into AgS with 0.3, 0.04, and (.003 ppm of NO,, SO,. HS,
and MCI, respectively, at 298 K. 70%

between 1.10-6 and 5i10-
6
. The rate was constant relative humidity) flowing in Ag tubes.

with time. Addition of H, to the gas mixture did not Experimental results for flow rates (cm'
inhibit the rate. This shows that the reaction does [STP] s'): 0- 51.8 , % - 27.3, 1, - 14.3,

+ - 7.67, . - 3,93 Theoretical prediction
not produce If, and is likely to Involve 0, as A for reaction probabi litlis of 10,: dashed

reactant. curves; 1: solid curves.

I',



Abstract No. 112

"THE EFFECT OF CONDENSATION MECHANISM ON Base' on the results found, the following can be
ATMOSPHERIC CORROSION OF METALS." concluded:

a) the parameters of the atmosphere are
influencing the effect of mass and heat

PAUL A. BURDA capacity on kinetics of atmospheric
corrosion. The highest corrosion rate was
found under intensive condensation conditions
caused by different temperatures of metals

Pacific Gas & Electric Company and the environment.
Department of Technical and Ecological Services

3400 Crow Canyon Road b) the temperature changes of the metal surface.
San Ramon, CA 94583 effecting the condensation mechanism, depend

on heat capacity of the metal.

c) the corrosion rate increase depends also on
the mass of the metals.

The influence of intensity condensation on the
atmospheric corrosion of metals was investigated References
In this study with intention to explain the
relationship of important factors for efficient 1. Eurda, P.A., Atmospheric Corrosion ol Aluminum
design of permanent and/or temporary methods of Ingots, Corrosion 87, San Francisco, CA, NACF,
the metals protection. Paper No. 419.

The quantitative relationships were obtained
between "inside factors" (associated with the
mass, heat capacity, heat conductivity, and
specific heat of metals) and the "outside factors"
(associated with temperature and humidity of the
unpolluted environment) with regard to intensity
of condensation on the steel, aluminum, copper,
and lead surfaces.

The model of the laboratory microclimatic setup,
used in this study, allowed that:

a) the temperature of the air was constant and
differed from the temperature of the metal
surface. The metal could follow the
temperature of an environment,

b) the starting temperatures of the metals and
the air were the same, the temperature of the
environment changed and the metal followed
these changes.

The influence of mass of metals on intensity of
condensation had been determined under the
changing temperature of environment. Very low
corrosion rate of steel found in the air with 100%
relative humidity at the constant temperature of
metal and environment, progressively increased
with an increasing amount of condensations. It
was demonstrated that the kinetics of atmospheric
corrosion and the intensity of condensation depend
on heat capacity, while heat conductivity was not
found to be a dominant factor. A linear
relationship between specific heat and intensity
of condensation was found in the range of specific
heat from 0 to 2x0-2 cal/*Cg. It was also
determined that the mass of metals increased
intensity of condensation by letting down the
metal temperature below the temperature of the
air.

The conclusions of laboratory experiments were
compared with the results of atmospheric outdoor
tests of steel mass samples (up to 20 pounds) and
aluminum (up to several hundred pounds). These
results agreed with the laboratory findings that
heat capacity has a dominant affect on intensity
of condensation and on existence of the
electrolyte on the surface of metals and
thlerefore. It is an important factor of long time
of atmospheric corrosion. The larger mass of
aluminum exhibited a higher corrosion rate. It
was found that the highest atmospheric corrosion
rate, caused by higher mass of steel, occurred
mostly during the spring time of the year. 161
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Deposition Velocities of Airborne Ionic Pollutants: In this paper further measurements at Newark and Neenah are
Distribution Across Electronic Equipment Rooms reported in which compac personal air sampling pumps have been

used in conjunction with Teflon filters mounted in cassettes. These
J. D. Sinclair and L. A. Psota-Kelty pumps collect total suspended particulates (TSP), which is a

disadvantage compared to the size fractionated data obtainable
AT&T Bell Laboratories using dichotomous samplers, but the small size and low flow rates of

Murray Hill, New Jersey 07974 these pumps allow a large number of them to be used without
appreciably altering the airborne concentration and they can be

C. J. Weschler and H. C. Shields placed in close proximity to the surface sampling locations.
Bell Communications Research Comparisons between accumulation of ionic substances on
Red Bank, New Jersey 07701 horizontal or vertical surfaces and their concentrations to the fine

and coarse particulate fractions cannot be made directly from the
data, but can be calculated using the percentages of fine and coarse
particles in the TSP, as determined using the dichotomous sampler.
It was anticipated that comparison of the surface accumulation rates
on horizontal and vertical surfaces with the corresponding
concentrations of ions in the fine and coarse particle fractions would:In earlier studies, we reported on measurements of airborne (1) establish the degree to which the surface accumulation

concentrations and surface accumulations of ionic substances at variations can be attributed to variation in the local airborne
electronic equipment installations at Wichita, Kansas and Lubbock. concentrations and (2) determine if the data obtained using the
Texas' 

. 
Dichotomous samplers were used to collect samples of dichotomous samplers are representative of concentrations across the

airborne substances at a convenient central location in the entire equipment room for each sampling interval.
equipment room and outdoors on the roof of the equipment building.
Practical considerations (cost and air flow requirements of the The airborne concentrations of ionic substances measured across the
sampler compared to total room air flow) dictated that only one equipment room floors at both Newark and Neenah have been found
dichotomous sampler could be used indoors in the Wichita and to be remarkably similar. For example, the ranges in airborne
Lubbock studies. Samples of fine and coarse particulates (0.1 - 2.5 sulfate associated with fine particles at Newark and Neenah were
and 2.5 - 15 pm aerodynamic diameter, respectively) were collected 0.83 - 1.08 and 0.73 - 0.81 pg/m', respectively. In comparison.
on Teflon filters at weekly or twice weekly intervals for several the range in surface accumulation rates for sulfate on vertical
months. The separation of particulates into fine and coarse fractions surfaces were 0.07 - 0.29 and 0.04 - 0.10 pg/cm-yr, respectivels
is particularly useful in understanding the accumulation behavior of The ranges of the calculated deposition velocities obtained from the
ionic substances on horizontal and vertical surfaces, as discussed in surface and airborne concentrations are 0.002 - 0.010 and
the earlier work'

-
'. Sampling of ionic substances that accumulated 0.0002 - 0.004 cm/sec respectively.

on surfaces was accomplished using filter paper extractiort of These results demonstrate that: (1) the variation in surface
structural zinc and aluminum surfaces associated with the accumulations is not attributable to the airborne concentrations and
equipment. Sixty surface extractions, sampling both horizontal and thus should be attributed to other factors probably related to air
vertical surfaces, were taken at both Wichita and Lubbock. In currents: and (2) airborne indoor concentrations of ionic substances
these initial studies, the sampling and analytical methods were are sufficiently constant across the equipment room floor for a
optimized, but the duration of the airborne sampling (2-4 monthsl typical sampling interval that the results obtained previously' using
and the extent of surface sampling were not sufficient to achieve a a single dichotomous sampler reasonably approximate the
quantitative measure of the deposition process for all the major ions concentrations across the entire equipment room.
in fine and coarse particles, More extended studies were recently
completed at equipment locations in Newark, New Jersey'' and
Neenah, Wisconsin'. In each of these studies, detailed surface
sampling was spread across the entire equipment room (500 REFERENCES
sampling points on 25 equipment frames), and samplings of indoor [1] J. D. Sinclair. L. A. Psota-Kelsy. "Proceedings of the
and outdoor airborne concentrations were obtained for a one year International Congress on Metallic Corrosion', Volume 2.
cycle, using dichotomous samplers. From these and the previous Toronto. Canada. June 3-7, p. 296, 1984.
studies it became evident that: (1) reliable indoor/outdoor
concentration ratios could be estimated from readily available air [21 J. D. Sinclair, L. A. Psota-Kelty. C. J. Weschler, .4tnos
handliing system parameters; and (2) deposition velocities. Environ.. Vol. 19, p. 315 (1985)
calculated as the ratio of the average surface accumulation rates to [31 J. D. Sinclair, L. A. Psota-Kelty, C. J. Weschler S. P. Kelts.
the airborne concentrations, are reasonably consistent for each of Proceedings of the Conference on Indoor Air Quality,
the dominant ions commonly present in fine or coarse particles, Ottawa Canada, April 29 - May 1. 1985, to be published.
irregardless of location. The consistency of the deposition velocities
can be attributed to the narrow range in the average air flow 141 J. D. Sinclair. Anal. Chen.. Vol. 54, p. 1529 (1982).
velocities at these locations, which is typically 3-6 m/rin. From [5] J. D. Sinclair. L. A. Psota-Kely, C. J. Weschler. Atmos.
items (I) and (2) a methodology was developed for predicting Environ.. 22, 461 (1988).
average indoor surface accumulation rates from outdoor
concentrations, which are well known in many parts of the world [6 J. D. Sinclair, L. A. Psota-Kehsy C. J. Weschler. H C
While the methodology provides reliable estimates of average Shields, submitted for publication.
surface accumulations, it was also clear from the measurements at
these locations that there is a substantial variation in the surface
accumulation rate across equipment rooms. From the original data.
however, it could not be determined if these variations were a result
of variations in airborne concentrations or variations in the
deposition process.
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Indoor corrosion of copper and silver exposed (5) Electrolytic reduction
in Japan and ASEAN countries On copper surfaces, corrosion products

could not be indentified by the reduction
T.Fukushima*, Y.Fukuda*, A.Sulaiman*, potential. The amount of electricity re-

I.Musalam*, C.L.Yap**, L.Chotimongkol**, quired to reduce the corrosion products was
S.Judabong**, A.Potjanart***, O.Keowkangwal not correlated to the deposition rate of any
*National Research Institute for Metals pollutant. On the other hand, corrosion

"Research and Development Centre for products of silver were identified as Ag2S
Metallurgy - LIPI from the reduction potential (-0.75V SCE).
***Singapore Institute of Standards and The AG2 S thickness increased with increasing
Industrial Research deposition rate of H2S or SO 3 (Figs.3 and 4).
""Thailand Institute of Scientific and
Technological Research Discussion
*2-3-12, Nakameguro, Meguro-ku, Tokyo, Carbon, detected on copper surfaces, is con-

Japan sidered not to originate from C0 3

2
-, but fro-

*Jalan Cisitu - Bandung, Indonesia organic substance. Carboxylate was found in
*I Science park Drive, Singapore 0511 certain cases by the IRS technique. C1 accu-
***196 Phahonyothin Road, Bangkok 10900, Thailand mulated at the center (at the anode) of the

pit, but Na was not detected around the pit

Introudction (at the cathode). This suggests that Cl in
Copper an--silver are extensively used in the this case comes from HCI in air. In addition,
electronic equipment, and in this study, these S02, H2S, N02 and organic acids in the atro-
metals were subjected to indoor exposure tests sphere also reacted with copper, leading to

carried out at various sites in ASEAN countri- the formation of basic salts in mixture. T%,
es and Japan. The effects of atmospheric cathodic reaction seems to be in the oxy;en

pollutants on their corrosion were also consumption process.
investigated. Oxide films of silver formed during t o

preparation of specimens were changed to
Experimental Ag 2S, Aa2SO 4 , AgCl and AqNO 3 by reacting witn
Test specimens (30 x 30 x 0.3 mm) are of 99.9 the pollutants dissolved in the adsorbed

Cu and 99.9% Ag. They were mounted with an water. Oxygen was detected on the surface
adhesive on acrylic resin panels (100 x 100 x in mild indoor environments, but it ws not
3 mm). Each specimen was polished with gauze detected on the surface exposed to the ito-
and Nlumina paste, then rinsed in distilled sphere which was heavily polluted by H2S.
water, followed by alcohol immersion, and
finally dried. A total of 23 sites for indoor Conclusions
exposure were selected in Bandung, Singapore, No significant variations in the amount of
Bangkok and Tokyo. At each of these sites, air pollution have been amona the countries:
tile panel with copper and silver specimens the amount of air pollution depends on tne
and a set of sampling devices for atmospheric locality of tile exposure site.

pollutants (SO2, solid C-, gaseous CI-, :02 , Copper undergoes cor'rlox influences of
S
2 -

) were hung vertically for 1 to 6 months. organic acid, Cl-, SO2 , h 2S and N02 whico
are different in concentration and reaC-

Results tivity, and is apt to be corroded sporadical-
(1) Microscopic examination and EPMA ly. The corrosion products on copper consist

Thick corrosion products were sporadi- of basic salts in mixture. The product

cally resulted on copper surfaces, and C, S, amount is not correlated to the deposition

C1 and 0 accumulated there, but Na was not rate of any pollutant. 2
detected (Fig.l). Silver surfaces were uni- Silver is affected mainly by S

2
- and

formly covered with corrosion product films. S02, and the general corrosion occurs uni-
formly. The main corrosion products of

(2) XPS silver were identified as Ag2S, tile thickness
The probable states of the elements increas]nu with increasing 2S or -S2 deposi-

detected are as follows: tion rate.
Copper - Cu(I, I), 02-, Of}-, S0 4

2
-, S

2 - ,

Cl-, C (graphite, organic substance).
Silver - Aq(I), 02-, OH-, S0 3

2 
, S042-, S2-

Cl-, C (graphite, organic substance).

(3) AES
On every copper surface (Fig.2), 0 and C

were detected and in some cases, Cl, N and/or
S were also detected. C was found in abun-
dance inside the film, but Cl, N and S were
in small quantities. On silver surfaces, S
and C were present in comparatively large
amounts. In most cases, C was detected only
in the outermost layer, but S penetrated into
the depth of the film. Cl, N and/or were also
found in some cases.

(4) IRS (KBr disk method)
On copper surfaces, H20, OH-, S042,

NO,- and carboxylate were found, and on silver
surfaces, H20, OH-, and S042- were detected.
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Abstract No. 115

QUARTZ CRYSTAL MICROBALANCE FOR ATMOSPHERIC CORROSION during the whole sequence of exposure conditions. As

STUDIES ON METALS inferred from curve IV, the presence of Dichan seems
to suppress not only the corrosion processes caused

S. Zakipour by SO and NO (curves II and Il1) but also the
S.eZ poroo Iinteriction of

2 
humid air with the nickel surface

Swedish Corrosion InstituteI).
Roslagsvjgen 101, lbs 25
S-104 05 Stockholm. Sweden Field exposures were performed in two storing areas

and at the Nordiska Musdet, Stockholm. Both museum
environments are characterized by very mild cor-

C. Leygraf rosion conditions as shown by separate investi-

Royal Institute of Technology gations. The mass change of evaporated silver was

Division of Corrosion Science monitored during exposure in both storing areas. It

S-100 44 Stockholm, Sweden is concluded that a mass increase of 0.2 pg/cm
2 ,

corresponding to only one day of exposure can be
detected. After 30 days of exposure the mass in-

The Quarts Crystal Microbalance (QCM) method has the crease is large enough to be estimated also with

unique capability of detecting very small mass cathodic reduction. When taking into account the

changes of metals under real atmospheric corrosion accuracy of both methods the results as obtained

conditions. In a recent study it wag foun that a from QCM and from cathodic reduction are in agree-

mass sensitivity of less than 10 g/cm could be ment with each other.

obtained when the corrosion kinetics of various
metals was studied under in-situ laboratory exposure To summarize, the QCM method can provide valuable

conditions (1). As such, the method is a most information on atmospheric corrosion kinetics

valuable complementary technique to other surface obtained under laboratory as well as under field

sensitive techniques which can provide information exposure conditions.

on structure or chemical composition of thin layers
of corrosion products, such as Auger electron References:

spectroscopy. X-ray photoelectron spectroscopy or
Fourier transformation infrared reflection absorp- 1. Zakipour, S., Leygraf. C. & Portnoff, G.,

tion spectroscopy. The main aim of the present work J. Electrochem. Soc., 133, 873(19861.

is to further explore the possible use of QCM not
only under laboratory exposure conditions but also 2. Zakipour, S. & Leygraf, C.,

under field exposure conditions. J. Electrochem. Soc.. 133, 21(1986).

The QCM method consists of a piezoelectric quartz
single crystal which oscillates at its resonance
frequency. By deposition of very thin layers of the
metal to be investigated on both sides of the quartz
crystal it is possible to monitor small mass changes
of the oscillating unit by measuring the change in
resonance frequency which is a function of the total
mass of the oscillating quartz and metal unit. The
mass change can be monitored during exposure in an
atmospheric corrosion testing apparatus. The QCM Infltnnc of vapoxha Inhibitor(vPI)
technique and the apparatus for atmospheric exposure
tests have been described in more detail elsewhere N..75ew
(1, 2).

As an example of results that can be obtained under
laboratory conditions FIG. 1 illustrates mass _"SO -NO2
changes of nickel - which was electroplated on a 4.o -,

thin evaporated gold layer on quartz - during
exposure at 75% relative humidity for 96 hours ' 3.0

(curve I). After 96 hours the supply of humid air 3.
was terminated which resulted in a significant D. CHaNN

decrease in mass caused by the loss of physisorbed 2.

water. Curves II and III represent two independent

studies in which 0.25 ppm of both SO and NO were
introduced simultaneously after 24 

2
hours of ex- iox

posure. The close agreement between curves II and
III indicates that the reproducibility in exposure SO50

2
*NOoVPI IV

and measuring conditions are acceptable. From curves 2s 5 7 1 12 15
I, II and III is concluded that the introduction of hoin
both SO, and NO under present conditions results in
a marke increade in corrosion rate. This rate is an
order of magnitude higher than if SO or NO is FIG. 1. Mass changes of electroplated Ni in flowing
introduced alone (1). Similar resul have % een air at 25 C and 75% relative humidity.
obtained for electroplated tin and evaporated The filled arrow indicates introduction of
copper. SOp andaur NO and the open arrow indicates

temination o?the supply of gaseous

Curve IV, finally, represents the same exposure pollutants and of high humidity in the

conditions as in curves II and III with the excep- flowing air.

tion that minor amounts of a vapor phase inhibitor,
dicyclohexyl ammonium nitrite (Dichan) were present
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Atmospheric Corrosion and Inhibition
of Copper inhibitor) is higher. In addition, the

N. R. Sorensen copper oxide film is much thicker on the

. M. Crensen cleaned sample. These data suggest that,
T. M. Christensen even in laboratory air at room temperature,

BTA is effective as an inhibitor to
Sandia National Laboratories oxidation. They are also consistent with the

Albuquerque, New Mexico accepted theory that BTA reacts with Cu2 0 on
87185 the surface to form a Cu-BTA complex which

Copper, used extensively in the provides the inhibiting action.

microelectronics industry, is subject to In the soldering process, low values of
atmospheric corrosion and tarnishing. Such surface tension and contact angle, high
corrosion can lead to increased contact wetting rates, and a short time to 90 degree
resistance, open circuits, problems in turn-around (T9 0 ) indicate good
soldering processes, and additional cleaning solderability. When the inhibitor is applied
cycles during processing. Inhibitors are to the surface, the surface tension, contact
used routinely to maintain a metallic, angle, and wetting rate decrease, while T9 0
untarnished appearance on the copper. A increases. Contact angle and surface tension
number of organic compounds have been used as indicate equilibrium conditions, and T 9 0 and
corrosion inhibitors for copper in aqueous wetting rate relate to kinetics. These data
and atmospheric exposures with varying suggest that the inhibitors imprlor the
degrees of successl. Two that appear to be intrinsic solderability of the copper by
particularly effective for copper are replacing or altering the surface oxide, but
benzotriazole (BTA) and tolyltriazole (TTA), adversely affect the kinetics of the
which significantly decrease the copper
dissolution rate in aqueous environments

2
, soldering process because the inhibitor must

wessoeuinesating abe thermally oxidized, rendering it
We are investigating the mechanism by which ineffective before wetting can occur. During
these organic inhibitors limit oxidation, the the soldering operation, the temperature
effect of atmospheric pollutants (NC2 , H2S, exceeds 200 C. At these elevated
S02, and H2 0) on the inhibition efficiency, temperatures, the BTA is unstable, it is
and the effect of the inhibitors on oxidized in the air and leaves the surface.
manufacturing processes such as soldering. As it is removed, the resulting surface is
Atmospheric exposures are being run in our essentially bare Cu, which is solderable. We
Facility for Atmospheric Corrosion Testing have also found that BTA is not an effective(FACT) which allows control of the inhibitor in sulfur containing environments.

contaminant gasses to concentrations ranging We are pursuing these observations in order
from several ppb to several ppm. to determine the mechanism by which sulfur

Work on Cu inhibition by organic inhibitors destroys the inhibiting effect of BTA on Cu.

(benzotriazole, BTA) has led to the
development of a model that describes both
the inhibition results and the solderability 1. H.G. Tompkins and S.P. Sharma, Surface
data following the application of the and Interface Analysis, Vol 4, No. 6, pp.
inhibitor. To inhibit the corrosion 261, (1932).
reaction, the inhibitor reacts with the Cu
surface, to form a thin (<100 A) layer of a 2. P.G. Fox, G. Lewis, and P.J. Boden,
Cu-BTA complex. The BTA molecule is bound to Corrosion Science, Vol. 19, pp. 457,
two Cu atoms through the nitrogen lone pair (1979)
with the plane of the molecule approximately
perpendicular to the Cu surface 

.  
In this 3 B.S. Fang, 0.0. Olson, and CM. Lynch,

configuration the surface Cu atoms can be S. Fang , ol. 17d p. 46,
tied up in the Cu-BTA complex leaving no free Surface Science, Vol. 176, pp. 426,
surface Cu atoms to act as corrosion sites. (1986)
Both inhibitors reduced the oxidation rate of
copper at elevated temperature and humidity,
with application from an aqueous solution
providing better inhibition than from the
methanol solution. When exposed to 70 C, 80%
RH air, the corrosion film on the inhibited
samples approached a limiting thickness after
-100 days while th.at on the as-cleaned
samples continued to grow. At 127 days the
BTAwater and BTAmethanol inhibited samples
exhibited weight changes that were 43% and
34%, respectively, of that for the
uninhibited samples.

Auger Electron Microprobe (AEM) depth
profiles indicate that several differences
exist between the cleaned and inhibited
surfaces. The surface oxygen and copper
concentrations are considerably lower for the
inhibited surfaces, while the surface carbon
concentration (C is present in the organic
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ELECTROCHEMICAL ASSESSMENT OF THE TARNISH RESISTANCE presence of sulfide shifted the equilibrium poten-
OF DECORATIVE GOLD ALLOYS tial and the first rise in the anodic current densi-

ty in the cathodic direction by about 054, O.j and
Jean-Paul Randin 0.6 V fr the gold alloys tested in 10 , 10

ASULAB S.A., Research Laboratories of the SMH-Group and 10 M Na2 S concentrations, respectively.
Passage Max-Meuron 6 The influence of the gold alloy composition on the

2001 Neuch~tel (Switzerland) anodic current density at a given potential is shown
in Fig. 2. Although the scatter from one alloy to

1. Introduction the other was quite significant, a linear log i vs
The presence o non-noble metals in gold alloys has non-metal content plot denoting an exponential rela-
a strong influence on its corrosion resistance, espe- tionship may be observed in IN NaOH-containing elec-
cially its tarnishing. The latter process is attri- trolytes. In 0.26 H NapS there was also a correla-
buted to the formation of a metal sulfide which dark- tion between the curre t density and the non-noble
ens the surface of the metal rendering it aestheti- metal content but the linear log i vs non-metal con-
cally unacceptable. The tarnish resistance of silver, tent relationship was not verified. The large scat-
copper and gold alloys has most often been tested by ter arose at least partly from the variety of non-
exposing samples to sulfide containing gaseous envi- noble metals present in the alloys investigated. It
ronment (1). The development of rapidly performed may be seen that, for a given gold content, the cur-
electrochemical tests in predicting the tarnishing rent density between -0.4 and -0.1 V was loer for
behavior of gold alloys would be of great interest, the 18 ct AuCuCd than for AuAgCu and for alloy 14 Zn
Polarization measurements have been used recently in than for alloy 14.
sulfide-containing electrolytes in attempts to ass- Chroootentiometric measurements : Potential-time
ess the tarnishing of dental alloys (2-4). A corre- plots corresponding to one oxidation-reduction Sycle
lation was found between the current density at a for an oxidation time of 2 min in iN NaOH + 10 M
given potential in sulfide-containing artificial N aS are shown in Fig. 3. For pure silver and cop-
saliva and the non-noble metal content in the alloy p e, the cathodic charge (Qc) was equal to the ano-
(3). The test was proposed as a quantitative method dic charge (Qa) up to Qa >10 mC/cm . It followed
of characterizing the tarnish resistance. While seve- that the product of the anodic reaction remained at
ral invest

4
gations have appeared on the tarnish re- the electrode surface. Such a behavior is consistent

sistance of gold alloys used in electronics and den- with the sulfidation-desulfidation of the non-noble
tistry (1), none is available on the jewellery metals. On the contrary, for gold the cathodic
alloys, charge was constant And dd not depend on the anodic

charge up to Qa >10 mC/cm . The charge imbalance
2. Experimental details arose either because the product of the anodic reac-
Three conmercially available, 10 om thick alloys, tion did not remain at the gold surface or oxidation
roll-clad on 0.5 mm thick AISI 430 ferritic stain- proceeded to oxo anions of sulfur in addition to the
less steel were studied. Their typical chemical com- formation of sulfur or polysulfides and these
positions are shown in Table I. Comparative measure- species were not reduced on the return scan.
ments were also performed on three electroplated The behavior of electrodeposited gold alloys was si-
gold coatings deposited on AISI 304 austenitic stain- milar to that of pure gold (Fig. 3). For roll-clad
less steel. The thickness and compositions are given gold alloys the ratio Qc/Qa was still very small, in-
in Table II. dicating that a significant part of the anodic char-
The as-received roll-clad samples were very lightly ge was used for the -ulfidation of the non-noble
mechanically polished with 1 em diamond paste. All metals. By contrast, the cathodic charge of roll-
samples were ultrasonically washed in an alkaline clad gold alloys slightly increased with increasing
cleaner followed by rinsing in water, then in a 1:1 anodic charge. The higher the value of Qc at a given
acetone-isopropanol mixture and dried in hot air. Qa, the higher the increase of Qc with increasing
The apparent surface area of the electrodes were bet- Qa. The cathodc charge at a given arodic charge
ween 0.5 and 4 cm . It was defined with an epoxy re- increased from one alloys to the other in the
sin and an acrylonitrile-styrene varnish covering following increasing order (see Table I for the
the back of the samples and the holder. All data are abbreviation of the alloys) : Au' 18> 14 Zn> 14.
given with respect to the apparent surface area of
the electrode. 4. Conclusions
Quasi steady-state current potential curves were Tue e-lectrochemical results have shown that the sul-
automatically recorded using a 10 mV potential step fidation of the non-noble metals of the gold alloys
per minute. Cyclic constant-current chronopotentie- occurred in parallel with the oxidation of sulfide
metric measurements were usually performed with ions. Only the first reactions contributed to tar-
identical anodic and cathodic current densities, nish by producing insoluble, adherent and colored

sulfide films, while the oxidation of sulfide led to
3. Results and discussion mainly colorless and non-adherent species. Thus the
Potentiostatic measurements:The anodic polarization anodic charge reflects only to a minor extent the
of the various alloys investigated in IN NaOH sul- tarnish level.
fide-free solution have shown that the background The occurrence of two parallel reactions implies
current density on gold alloys in the sulfidation that the reaction rate of the former cannot be in-
and sulfide oxidation potential range, i.e. at creased by holding the potential at a higher value
EC 0.2 V, was negligibly small, without increasing also the rate of the second reac-
The cathodic polarization for alloys 18, 14 and 14 tion. This is the reason why the time needed to
Zn in 0 -saturated iN NaOH solution have shown that reach a visible tarnishing by electrochemical means
the oxyien reduction reaction occurred at potentials is roughly similar to that obtained by using a "che-
lower than 0.18 V. It follows that any anodic reac- mical potentiostat", I.e. by oxygenating the solu-
tion which takes place at potentials lower than 0.18 tion. For both experimental conditions, hours are
V will be thermodynamically possible in the presence needed to get a color change well visible with the
of oxygen, naked eye. However with electrochemical tests there
The influence of the sulfide concentration in N2-sa- is no need to reach such a strong tarnish level
turated IN NaOH electrolytes is shown In Fig. I. The since more sensitive means are available to assess
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the tarnishing rate. OS

In sulfide-containing electrolytes, the current den-
sity measured at a properly chosen potential of the
potentiostatic scan correlates with the non-noble
metal content of the alloy (Fig. 2).
The tarnish resistance of the alloys investigated 0

was found to decrease in the following order
23F 22E >18E> 18' 14 Zn >14 .. ... ,

The ranking is mainly determined by the gold content
and somewhat modulated by the silver and copper con-
centrations. The higher the silver content, the high- 5-OS .
er the tarnish susceptibility. Ag
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tion is based on a paper published in Surface and
Coatings Technology, 34 (1988), 253-275. Fig. I : Anodic polarizationSurves for gold alloys

in N-saturated IN NaOH + 10 M Na S 18 (-),
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1. AT. Kuhn and G.H. Kelsall, Br. Corros. J., 18, (-..-). The polarization curves for pure Au, : and

(1983) 168; A.T. Kuhn, M.S. Chana and G.H. Cu are also shown.
Kelsall, Br. Corros. J., 18, (19831 174

2. W. Popp, H. Kaiser, H. Kaesche, W. Br~mer and F. (Au] (carat)
Sperner, Proc. 8th Int. Congress Metallic Corro- 24 23 22 18 14
sion, Mainz, Sept 1981, in "Metallic Corrosion", 3
Vol. 1, Dechema, Frankfurt am Main, 1981, p. 76 "

3. E. Angelini and F. Zucchi, Surf. Tecnol., 21
(1984) 179 4 -
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Implant Materials:Second Symposium", ASTM STP . 5
859, A.C. Fraker and D.C. Griffin, Eds, American
Society for Testing and Materials, Philadelphia, 0
1985, p. 168 6

Table I Composition of roll-clad gold alloys

Alloy Composition (weight percent) 8 20 40
Au Ag Cu Zn Ni non -noble metals (/)

18 75.0 16.0 9.0 - -
14 58.5 29.2 11.5 0.3 0.5 Fig. 2 Plots of log i versus non-noble metal
142n 58.5 7.5 24.0 10.D - content of the gold alloys in anodic polarization

measurements performed in N -saturated IN NaOH +
10 M Na2 S at E = -0.25 V?A), IN NaOH + 0.1 M
Na2S at E 0.35 V (i and in 0.26 M NS atE =
-0.35 V (o)

Table II ThicknEss and composition of electro-
pratedgold coatings 0 AU

Abbreviation Coatings Thickness Composition -8._
Gem)

18E underlayers 0.5 Au
main layer 7.0 AuCuCd, 18 ct -0.8

22E underlayers 0.5 Au - _-
Ist layer 3.5 AuCuCd, 18 ct
topcoat 3.0 AuNi 22 ct (hard -12

gold) o so 180 15O 200

23F underlayers 0.5 Au Time ( s I
Ist layer 3.5 AuCuCd, 18 ct
topcoat 3.0 AuNi, 22 ct Fig. 3 : Reverse-current chronopotentiograms al3gold(hard gold) alloys electrodes in N -saturated IN NaOH + 10
flash coloring 0.5 AuNiln, 23 ct M NiS at copstant cu rent densities between 15

andO 0A/cm . Same symbols as in Fig. 1
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Abstract No. 118

The Formation of Sulfuric Acid on Gold in Results and discussion
Humid Air Containing sub-pPm Concentrations The reaction is strongly dependent on
of SO2 and NO2 .  humidity. At 0% r.h. no sulfuric acid

forms.The rate of formation increases with
P. Ericsson and L.-G. Johansson humidity and retches 2a raximum at 90% r.h.
Department of Inorganic Chemistry, Chalmers with ca 0.9"10- gcm- h- . At higher humidity
University of Technology and the University there was a slight decrease in the rate of
of G6teborg, sulfuric acid production. The rate of forma-
S-41296 G6teborg, Sweden. tion was fairly constant on the time scale of

these experiments (36 hours).
Introduction Without NO present in the gas H SO did not
Synergistic effects on corrosion involving form on th gold surface except it 99% r.h.
so2, NO2 and water vapour have been studied where minute amounts were deposited.
at this laboratory during the last few years. The stoichiometry of the NO2/SO, reaction
Svedung et al (1) reported on the formation varies with humidity. The H SO NO ratio is
of sulfuric acid on gold-plated brass in close to unity between 60 a~d 95% r.h. At
humid air containing SO and NO . It was higher and also at lower humidity NO evolu-
assumed that the stoichiometry 9f the reac- tion is less than it would be according to
tion was that of the so-called lead chamber the fdrmula given above, the ratio
process: apptoaching two in some cases.
SO- N'. + HO - H NSO4 (aq) + NO(g) The non-stoichiometry of the reaction may be
Later tht cortosion effects of combinations explained if the reduced N-O species formed
of SO and NO towards different metals e.g. in the reaction with SO is reoxidized by
coppe and stiel and on calcareous building oxygen before it is givin off as NO.
stones have been investigated (2,3) Nonstoichiometry at high humidity may also be
In order to learn more about the nature of connected to the slight oxidation of SO2 by
the SO - NO - H 0 interaction on surfaces oxygen on gold detected at 99% humidity.
this iAvestijatioA was started which focusses
on the reactions occuring on pure gold. The effect of the pretreatment of the foil

was also investigated. The activity of the
Experiment gold surface decreases rapidly with the time
The experiments were performed using a piece elapsed between the heat treatment (4000C in
of gold foil with a surface area of 20 cm . air) and the start of the experiment. The
The foil was suspended on a gold wire in a amount of sulfuric acid formed after 36 hours
vertically oriented glass cell with a diame- exposure at 70% r.h. was reduced to ca 25% of
ter of 30 mm. The cell was immersed in a the original by aging the gold foil in a
water tank thermostated to 22.00 +- 0.03 OC. desiccator for 50 minutes after the heat
Through the cell flowed a gas mixture made up treatment. The great importance of the
from dried and purified air, water vapour, pretreatment for the formation of sulfuric
SO and NO acid on gold indicates that the reaction is
Pait of thi<air steam was saturated with catalysed by the gold surface itself.
water vapour at the temperature of the
exposure cell. Relative humidity was
controlled by mixing measured amounts of dry
and humidified air. References
The trace gases were added from permeation (1) Corrosion of Gold-Coated Contact Mate-
tubes using the dry air as a carrier. rials Exposed to Humid Atmospheres Containing

Low Concentations of SO and NO
In order to minimize apparatus/pollutant O.Svedung, L.-G.Johanssgn & N.-6.Vannerberg
interactions the apparatus was made from IEEE Transactions on Comp., Hybrids and
glass and teflon only. 3 - Manuf.Tech. (1983) 6, 349-355
The rate of gas flow was 1.00 dm min-
resulting in a net wind speed of 2.4 cm s (2) The Role of NO in the Atmospheric
in the cell. SO and NO concentrations were Corrosion of Differint Metals
0.50 and 0.65 p~m respectively. P.Ericsson & L.-G.Johansson
The gas emanating from the glass cell was 10th Scand. Corr.Congr.,Stockholm(1986)
analysed simultaneously for So2' NO and NOx Proceedings,43-48

throughout all experiments. SO was measured
using a fluorescence instrument while NO and (3) Corrosion of Calcareous Stones in Humid
NO were analysed by an instrument based on Air Containing SO2 and NO
chemiluminescence. Both instruments had a L.-G.Johansson, O.Iindqvi~t &R.Mangio
sensitivity of 1 ppb and a time constant of Accepted for publication in Durability of
one minute. The two instruments were coupled Building Materials.
in parallel so that half the total flow was
directed through each analyser.
In this way SO deposition and NO evolution
on the gold foil was measured quantitatively.
Before exposure the gold foil was cleaned,
he last step consisting of a heat-up to 400
C in air. The foil was transferred directly

to the cell after heating.
The experiments were started by introducing
the gold foil into the cell.
The maximum decrease in SO concentration due
to reaction on gold amountid to less than 15%
of the total amount present.
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Abstra-t No. 119

ELEMENTAL SURFACE COMPOSITION OF AGED COPPER times thicker for the outdoor exposure.

Insufficient oxygen concentration is present in our films to postulate the
formation of S containing minerals such as brochanlitc. antleritc, or
posnjakite; furthermore, no patina was observed. If one assumes that (he
oxygen signal is due to the formation of primarily Cu 20, then the calculated

Rudolf Schubert and Susan M. D'Egidio cuprite thickness is approximately 911 A for the 49 year old sample. This is
suostantially higher than what one would predict for simple oxidation in

Bell Communications Research, Inc. clean air, which is approximately 62 A. However, it is known that the
Red Bank, NJ 07701-71t20 presence of trace amounts of pollutants, specifically reactive chlorine, will

accelerate the oxide formation on Cu.1t
1 
1 1

Although the indoor exposed samples reported on in this paper have similar

concentrations of S and CI as outdoor samples from similar geographic
tt is of intrest to the electrical and electronics induslries to understand how locations

t t
, the total film thicknesses are substantially less. This

fast and by what mechanisms copper tarnishes at ambient ter',eralure and demonstrates the effect of building shrouding and lack of surface wetness
in various ervironmeot?! conditi,u. A range of oxidation rate values exists effects. The C content of the indoor surface films is substantially greater.
for copper in air at 300K.

I
' This slow rate is confused by trace atmospheric This demonstrates the effect of indoor air composition and implies that an

impuritiest'l and the simultaneous formation/deposition of other indoor source of carbon compounds is present in the building.
compounds. REFERENCES

Electrolytic grade copper busbars with exposures ranging from 2 to as long
as 49 years in the same telephone central switching office site have been I.A. Ronnquist and H F'schmeister, 'The Oxidation of Copper', J. Inst,
collected. The site is Jamaica, NY, a heavily populated area on suburban Metals, 89, 65(1960).
Long Island, NY and is within 3 miles of bodies of salt water to both the 2. To be published by R. Schubert
north and south. The five story building was air-conditioned in 1958; prior
to that time building windows were opened roulinely. Busbar samples were 3. The entire issue of Corosion science, 27,7 in ITO is a special issue
removed from the top vertical edge of electronic equipment frames 2.7 m dealing with copper patina formation.
from the floor and in general were not handled after the initial installation. 4. L. E. Davis, N. C. MacDavis, P. W. Palmbcrg, G. E. Riach, and R. E.

Samples 0.5 cr wide were shea-ed, not sawn, from the center of 0.5 X 2.5 Weber, Handbook of Auger Electo, spectrnscopy, second ed., Pcrkin.
cm cross-section bars of various lengths. Areas with obvious human contact, Elmer Corp, Eden Prairie, MN, c1976.
such as fingerprints and grease spots were avoided. After shearing, samples 5. R. L. Opila, "Copper Patinas: An Investigation by Auger Electron
were ultrasonically washed first in dichloromethane and then isopropyl Spectroscopy", Corr. Sci., 27, 68511987).
alcohol. After washing they were blown dry and stored covered in
laboratory air. 6. W. H. Abbott, "The Development and Performance Characteristics ofMinxed Flowing Gus ScsI, Environments', 33rd IEEE-|tolms
Before and after washing, the sample surface color ranged from bright Conference on Electrical Contacts, Chicago, 63 187).

copper for the newer samples to dirty brown copper for the oldest sample.

On any given sample minor shades of color variation did exist. NO typical
green copper patina was seen on any of the samples as is typical of samples
exposed out of doors1

t  
RES PROFILE _

Samples have been examined by Auger electron spectroscopy and argon ion________

sputter depth profiling for elemental surface analysis to a depth of 91M A
or less, depending on the thickness of the nonmetallic surface film. A 10
kcV 20 namp primary electron beam was used for analysis in the stationary
mode on a spot of = 1.3 pr diameter. Multiple spots with lighter coloring, 70
and which were laterally separated by millimeters or more were arbitrarily
chosen for analysis from each sample. Two samples, separated by tens of
cm, were chosen from busbars of different vintage for analysis. 68

Surface film composititn was similar for all the samples examined, differing
only in film thickness and the ratio of C/Cu. The films on the Cu
substrates consist primarily of carbon with smaller amounts of oxygen,
chlorine, sulfur, and nitrogen. As expected, Cu increases monotonically -

from the surface to the bulk metal. Nitrogen is only located in the top few
monolayers of the surface and is at maximum concentration at the surface. 49 It

Cl and S are dispersed surprisingly uniformly through the entire surface film U "
and decrease linearly with depth. Oxygen concentration reaches a
maximum slightly below where the film switches concentration from _ __

primarily C it) primarily Cu. A typical depth profile, atomic concentratioin'tt
versus sputter time, for the 49 year old sample is shown in Figure 1.

Arbitrarily defining the surface film to penetrate to where the Cu Al9

concentration reaches 70%, we can calculate the relative percentages of the
elemental composition in the film.

TABLE I. Average thickness and percent atomic concentration. 19

AGE THICKNESS C Cu 0 CI1
3 415 A 35 53 8 4 v --

31 8.50 49 41 8 3 2 29 49 69 8e
49 790A 53 35 8 4 SPUTTER TIMqE lIni.)

Note that as the fiins lwciime thickco with age the concentration of C in the FIGURE 1. AES depth profile of a washed Cu sample had been installed
film also increases, in a Jamaica, NY telephone office in 1939. For the conditions used the

calibrated sputtering rate was Il3IA/min on SiO1 . This was the thinnest

Our result" d:.'sr markedly from Opila's similar analyses on outdoor film fouid on 49 rear old usba; sampls. the thickest film ,,as 16 times as
exposed samples from a similar geographic region.l'l All of Opila's samples thick. Only the Cl signal is shown but S is also present with similar intensity
(1-100 years old) had oxygen(= fW at.7) as the major elemental component Trace surface N is also omitted. Analysis of the raw data counts shos that
on the surface and negligible amounts of carbon. The Cl and S the f) intensity reaches a maximum well below the initial surface. as us
concentrations are comparable, hut the film thicknesses are from 5 to (14 indicated in the figure.
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Abstract No. 120

SEGREGATION OF ALLOYING ELEMENTS INTO
THE PASSIVE FILMS ON BINARY NICKEL ALLOYS where N, is Avogadro's number, a is the dependence of

the potential difference across the film/solution
Digby D. Macdonald, Catherine English, interface on the applied voltage, Vs and Vf are the

Joan Pallix and Mordehai Ben-Haim molal volumes per cation of the alloy and the film,
SRI International respectively, ( is the electric field strenth, F, is

Menlo Park, CA 94025 a constant, and XA is concentration (No./cm ) of the
solute element in the alloy. The parameter 9 is a
function of the dielectric constant of the film,

r.troduction amongst other quantities. Provided -It < 0.5 (1),
and since 6>X, equation (3) predicts that the more

The role(s) of alloying elements in modifying the highly-charged solutes are the most strongly
resistance of structural metals to general and local segregated into the film, as observed. Segregation is
corrosion is not fully understood, to the extent that also facilitated by a high film dielectric constant,
corrosion resistant alloys cannot be designed from as indicated by an analysis of 6.
first principles. The development of this capability
must await more detailed knowledge of the structural
and electronic properties of the thin passive films ACRNOWLEDGMENTS
that grow on corrosion-resistant metals and alloys.

The authors gratefully acknowledge the support of
In This study we investigated the segregation of the US Dept. of Energy, Basic Energy Sciences, under

Al+ Ti
+
, and Mo

+ 
into the passive films that form Contract No. DE-FG03-84ER45164. We also thank Ms.

on the dilute binary alloys Ni-X(X-AI, Ti, Mo) under Joan Pallix, Chemical Physics Dept., SRI
potentiostatic conditions. International, for performing the SALL experiments.

Experimental
REFERENCES

Passive films were grown on various Ni-Al, Ni-Ti,
and Ni-Mo alloys under potentiostatic conditions (mV I. K. S. Lei, D. D. Macdonald, B. C. Pound, and B. E.
vs. SCE) in 0 5m H3B03 + 0.25 m KOH at 25°C (pH - Wilde, "Breakdown of the Passive Film on
9.2). The elemental compositions of the films and the Polycrystal and Single Crystal (100) Nickel by
base alloys were then determined on two Chloride," J. Electrochem. Soc., in press (1988).
spots (-I mm x 1 m diameter) on the surface using
SALI (Surface Analysis by Laser Ionization). This
technique provides quantitative elemental analyses by
mass spectrometry of completely (laser) ionized
ablated material just above the surface.

Results and Discussion

Plots ot the enrichment iactor (Xfilm/
1
allov

versus alloy composition (X, % relative to nicle{) for
the binary alloys is shown in Figure 1. While
considerable scatter exists in the data for Ni-Mo a
alloys, possibly reflecting an inhomogeneous surface
composition, the enrichment factors are in the order: O
No>Ti>Al. Assuming that the oxidation states for Mo,
Ti, and Al are +6, +4, and +3 it is clear that the 3
most strongly segregated alloying element is that with
the highest charge.a O0

The above data can be interpreted in terms of a nmodel which assumes that segregation results from 0
competition between the host metal (MA) and the
alloying element (XA) in the alloy for cation W I
vacancies as the metal/film interface passes through
the metal phase. This competition can be described by
the following reactions

MA + VM  (1)
A 6-X)+ se (2

A M +se' (2) 2 4 6 6 O
X (% nttl to N,)

where-
X )+ 

is an alloying element ion substituted
ir, ta atlon vacancy in the film and x and 6 are the
oxidation states of the host cation (e.g., Ni

2
') and lygfreri eglrecioe yareto"neemessno m.XeX.A[,r, Mot

6*an 
11
0Yes *5* .Tedm alley orss

solute (e.g., Mo +), respectively. Assuming quasi-
equilibrium at the metal/film interface we derive the
segregation factor as

Nvexpl(-x)j(O.5-)V + fFv F/RTI
SF - I

v f O expi(6-x)[(0.5-)V+cFv]F/RT)-Va[XA 1

(3)
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Abstract No. 121

Role of Pre-Existing Oxide Films in While large anodic dissolution currents can be
the Passivation of Fe sustained even in its presence, this film does appear

to be an important precursor for highly efficient
B. MacDougall potential-step passivation. The persistence of thls

film during rapid anodic dissolution is studied and
National Research Council of Canada the results are compared with those obtained upon

Division of Chemistry passivation in sulfate solutions with prior films

Ottawa, Ontario, Canada KIA gR9 remaining on the surface. The requirements for
efficient passivation of iron in different
environments is discussed in light of the

Previous work on the anodic behavior of Fe in electrochemical and surface-analytical results.
acid and neutral sulfate and perchlorate solutions
has shown that a prior surface oxide film is required
for efficient passivation (1-4). After complete
cathodic reduction of the prior film, very large 1) D.B. Gibbs and M. Cohen, J. Electrochem. Soc.,
anodic charges are passed before paseivation occurs. 119, 416 (1972).
In this case, the paBeivation process relies on the 2) S. Szkarska-Smialowski and 0. Mrowczynski. Br.
formation of a salt film at the electrode surface. Corr. J.. IQ, 1987 (1975).
As lass and less of the prior film is cathodically 3) B. MacDougall, J.A. Bardwell and M.J. Graham.
removed before the anodic potential step, the Proc. Intern. Symposium on Surfaces, Inhibitior.
efficiency of passivation increases from <<1% to and Passivation, Published by Electrochem. Soc.
values approaching 100%. Although it has been (Vol. 86-07), 1986, p.254.
suggested that the remainder of the original oxide 4) B. MacDougall and J.A. Bardwell, J. Electrochem.
film might somehow interact with the developing salt Soc. (in press).
film and/or act as nuclei for passive film formation 5) R. Goetz. D.F. Mitchell. 9. MacDougall and M.J-
in sulfate (2,4), there was no direct evidence that Graham, ibid.. 134, 535 (1987)-
this was the case. In the present Work. SIMS 6) J.A. Bardwell, B. MacDougall and M.J. Graham.,

analysis in conjunction with 180 labelling of the ibid., 135, 413 (1988).
oxide film is used to establish directly whether any
of a non-reduced oxide film remains on the surface
after a potential step passivation in sulfate.

Experimentally, a passive film 2.65 m thick
containing 10% 180 was prepared by stepping the
potential of an oxide-free, cathodically reduced Fe
electrode to 0.42 V (SCE) for 5 min. The solution
used to prepare this standard prior film was pH 8.4
borate buffer enriched in 180 to 10% (5,6). The
sample was then transferred to a pH 8.4 (0.15N)
Na2 SO4 solution and cathodically reduced to various
extents at 20 pA cm

2, 
after which the electrode was

either removed from solution, or the potential
stepped to 0.42 V (SCE) and the anodic current-time
response recorded. All samples were analyzed for 180
by SIMS. The unreduced sample had a thickness of
2.65 nm and a constant 180 enrichment level,
representative of the solution enrichment, and was
therefore used as a standard (6). The amount of
oxide remaining on the surface after treatment in
Na2SO4 was calculated from the decrease in 180 as
described previously (6). Passivation in the sulfate
solution without any cathodic reduction of the prior
film does not result in any lose of this prior film,
consistent with the fact that only a very small
amount of anodic charye flows. On the other hand,
complete reduction of the prior fI>m results in a
decrease of the i80 enrichment level to the natural
abundance of 0.2%, indicating that all of the prior
film has been removed. Between these two extremes,
there is a range of extents of removal of the prior
passive film. Importantly, there is no change in the
equivalent thickness of the prior film remaining on
the surface before and after the potential step in
Na2SO4. This is true even when very large anodic
charges flow, and. correspondingly, the initial
anodic currents are very high. Clearly, significant
amounts of oxygen from the prior film can remain on
the surface even during a very inefficient
passivation in sulfate, and do control the efficiency
of passivation (4). The importance of this result is
that it is a direct observation of surface oxide
persisting during the high rate dissolution of Fe in
neutral sulfate. The fact that the remaining oxide
can control the efficiency of passivatio. has
considerable relevance for the corrosion and
pasivation of Fe.

The passivation of iron has also been studied
in acetate, borate and phthalate solutions using
cyclic voltansetry and potential-step anodization
techniq-ues. Special attention is given to the
existence of a pre-passive film on the surface,
corresponding to - 2 nm of a yFe20 3 oxide tim.
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Abstract No. 122

COMPOSITION AND STRUCTURE OF THE PASSIVE OXIDE FILM
ON IRON AS OBSERVED BY SECOND HARMONIC GENERATION- References

M. W. Schaoer, J. M. Frye, B. M. Biwer, I. (a) B. M. Biwer, M. J. Pellin, M. W. Schaarr, and
M1.J. PellIn, and 1. M. Gruen D. M Gruen, Langmur 4, 121 (1988); (b) B. M.

Biwer, M. J. Pellin, M. W. Schauer, and 1). M.

Argonne National Laboratory Gruen, Surf. Scl. 176, 377 (1986); (c) V. L.
9700 South Cans Avenue Shannon, K. A. oos, and G. C. Richmond Applied

Argonne, IL 60439 Optics 26 3579 (1987).

2.B . D. Cahan, Chin-Tien Chen, J. Electrochen. Soc.

The technique of Second Harmonic Generation (SHG) as a 129 921 (1982)
surface analytical tool has progressed to the point
where scientific information, not easily observed by

other means, can be obtained for systems such as metal
surfaces undergoing electrochemical reactions.

1

Despite extensive study, the compositional and struc-

toral details of the passive oxide layer on iron are
not well understood. SHC is estremelv sensitive to

compositional changes as an iron electrode is cycled.
Resonance enhancement of the SHG signal can be corre-

lated with the expected electronic spectroscopy of the
various iron oxide species believed do be present. In

addition, by using an Incident frequency for which no

resonance enhancement is observed, changes in the Sits
signal can be Interpreted as due to charging. This

provides further Information about the electrical pro-

perties of the film. By comparing the SHG resolts for

the Iron electrochemical system with previous models
of the Iron passive laver, new understanding about the
composition of this system has been malied.

SHG intensity as a fonction of potential Is plotted in

Fig. I for cycling an Fe electrode. The top ur-c

represents the current and shows the well-known waves
associated with oxidation and reduction of iron. The -

second curve shows the SHG Intensity using 1.0h a

(detecting 532 nm) light as the fundanmental. We

believe that surface charging contributes signilf- ' ,
cantly to the SHG Intensity in the 1.(6 SH; expert- _- ..

mt. Os the other hand, resonance enhancement is -
largely responsible for the Intensity In the 532 nm
INC enperiment . The lower comve displays the INCG
intensity using 532 nm light as the fundantal

(detecting Zh6 nml.

These data are largely consistent with the cheml-

conductor" model proposed by Cahan et 1l.' The

results lend support to and will be discussed in term s

of this model.

The one of Fe single crystals takes advantage of the

tensor nature of the SHG experiment to provide struc- ole-V g Ii

tural information about the passive oxide layer on
iron. The SHG Intensity can be monitored as the

sample is rotated about the surface normal, and the
resulting pattern reveals the symmetry of the inter- Fig. I.

face being observed. In the absence of resonance

interactions the SHC pattern for the Fe( 110) surface Corrent and Si; intensity as a function or yotential
reveals Its bilateral symmetry (Fig. 2). my coupilng -& .. -.... -Jode -cIlig at 2 nC.s in '.1 SaOH.
to an electronic resonance of a surface species the The top line Is the corrent. The middle can Is SH(;

three-fold symmetry of the air-formed oxide Is signal usIng I. 06 u laser light 00 th, tiundawntal

revealed. This represents the first measurements of (intensity scale 1i on the left). The httom o.,an In
the structure of thin oxide layers on Iron outside SHG intensity using 532 nm laser light (scale is 00

ultrahigh vacuum. Studies are In progress to extend the right I.

this work to UHV and electrochemical enoironments.

-Work supported by the U.S. Department or Energy, BES-
Materials Sciences, under Contract W-31-1O9-ENG-3.
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SH; Intensi
t
y (plotted radially) as a function of the

ang le of rotation about the surface normal for an
Fe(C) surface In air. The top spectrum reveals the

3-fold symmetry of the surface oxide observed when th,
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NEXAFS Studies of Passive Films on Iron quality of the data obtained during a

and Iron-Chromium Alloys single 30 min scan on a sample with anapproximate monolayer of Cr attests to the

sensitivity of the new technique.

Electronic Properties of passive
Z. Zhang, D.K. Tanaka, and J.Kruger films on Fe and Fe-Cr alloys

The Johns Hopkins University
Baltimore, MD 21218 ReflEXAFS measurements at the oxygen

and K-edge have been carried out on thin films
G.G. Long formed on pure iron. Since the oxygen K-

National Bureau of Standards edge and the Fe L 1 I edges are only
Gaithersburg, MD 20899 about 170 eV aparltlhese data are

generally not optimal for EXAFS analysis,
but they can be very useful for the study

A method for studying passive layers of near edge (NEXAFS) fine structure which
using x-ray absorpticn spectroscopy that provides information about electronic
has a particular sensitivity to surface transitions.
layers is the measurement of reflectivity
as a function of incident photon energy The oxygen near edge structure of
and grazing angle. The data analysis in thin films formed in nitrite and chromate
this case is complicated by the fact that and in borate borate buffer by anodic
the absorption coefficient is less simply polarization have been measured. Although
related to the reflectivity than it is to a more detailed analysis is currently in
the fluorescence (x-ray or Auger electron) progress, it is immediately evident that
signal. The advantages of this technique the films formed in borate buffer and
called ReflEXAFS (1) are that the surface nitrite solutions are electronically
sensitivity is very good and the signal- closely related because of the appearance
to-noise is excellent. We have of a similar excitonic feature on the
developed theoretical and experimental absorption edge (Fig. 1). For the film
approaches enabling the study of passive formed in chromate, three features are
films and applied them to the study of the evident on the oxygen-K absorption edge in
passive films that form on iron and iron-
chromium alloys in a borate buffer Fig. 1. We have shown earlier that
solution, chromium is present in the passive film on

Fe formed in chromate passivation solution
Under the "total" reflection (2). Since there is oxygen-bonding

conditions used in ReflEXAFS, there is no between O-Fe and O-Cr, it is natural to
wave propagating in the medium. Instead assume that the additional features are
there are waves of varying amplitude due to the O-Cr bonds. Further, the O-Fe
(evanescent waves) present which decrease feature is shifted to slightly higher
with increasing penetration. These waves energy.
enter the medium and then emerge again
from the same surface. The l/e The oxygen K-edge spectrum measured
penetration depth can be calculated and we for the air formed film on Fe looked very
have calculated that for angles smaller similar to the spectrum from the nitrite-
than the critical angle the penetration formed film, with the excitonic peak less-
depth In the chemical system we are pronounced than in the borate case. Only
investigating for photon energies up to when the films were produced under
800 eV would be less than 3 nm. Films potentiostatic control in borate-buffer
thicker than this will appear to be semi- solutions were we able to reduce the air-
infinite insofar as refl-EXAFS formed film. (Of course, the time in air
measurements are concerned and problems was kept to minimum for the passivating
with thin film-bulk surface interference solution preparations.)
effects are avoided.

Since chromium ions were present in
Compositional Effects of Cr in the chromate-formed film on pure iron, it

Passive Fil on Fe and Fe-Cr Alloys was natural to compare these results with
films formed on Fe-Cr alloy. The data on

Near edoe x-ray absorption fine films formed in borate on Fe-14% Cr and
structure (NFXAFF) was applied to the Fe-24% Cr showed differences with films
study of the conpositional effects of formed in chromate on iron. The edge
chromium additions to the passive film via structure of the film on Fe-14% Cr was
chromate pas.ivation to examine the more similar to that of a film on Fe
valance state of the chromium that is formed in borate than for a film formed in
present in oxide layers on iron or iron- chromate (Fig. 2). The film on Fe-24% Cr
chromium alloys. showed even less edge structure. Because

the air-formed film could not be reduced
Results found for the 3 nm passive from the alloy, we were concerned that

film on iron formed in P chromate these effects might be due to that, but
passivating solution by exploiting the the edge structures for the Fe-Cr alloys
surface sensitivity of a newly developed are less pronounced than for an air-formed
photocathode grazing incidence detector, film on iron.
Although a rather small amount of Cr was
present in this thin film, there were some
indications, which have to be evaluated by
further measurements, that Cr(VI) was
present in the surface layers. The



Effect of chloride durino breakdown
induction oeriod

When chloride ions are added to the Anodic film formed in
solution, the edge structures change - orole buffer er Fo-14%C,
further (Fig. 2). Even though we have not
analyzed these data in detail for Fe-14%
and Fe-24% Cr as yet, we find the fact
that the edge structure changes can be CI -
detected to be very encouraging because L

the structural effects in the early part I socr

of breakdown are subtle (see arrows in Fig
2). Therefore it appears that the
electronic effects occurring during_
breakdown are clearly visible for the 1
passive layer on the alloy Fe-14% Cr (Fig
2). Virtually no effects due to C- was
found for the Fe-24% Cr alloy. This is suo.50 536.00 5M.50 S -. o00 6050
not too surprising since optical studies 5,E95 554.70 554.05 43,75

by McBee and Kruger (2 ) found that Energy (eV)
breakdown effects are much less pronounced
and take much longer times to become
evident as the Cr content increases. Fig. 2 The effect on the near edge structure

by the addition of chloride ions on the anodic

film formed on Fe-14%Cr in borate buffer.

We are grateful to the National
Science Foundation for their partial sup-
port of this work.

REFERENCES

1. G. Martens and P. Rahe, Phys. Stat.
Sol., A58, 415 (1980).

2. C.L. McBee and J. Kruger, in "Passivity
and its Breakdown on Iron and Iron Base
Alloys" Staehle and Okada, Eds., Nat.
Assoc. of Corros. Engrs., 1976, p. 131.

aoodic film formed
in borole buffer

SFe chromofle

Fe

500 520 540 560

Energy (ev)
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A VARIABLE ANGLE XPS STUDY OF ACTIVE, PASSIVE Acknowledgements
AND TRANSPASSIVE Ni SURFACES
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Nickel is an element of tremendous References
technological importance because of its
mechanical and catalytic properties, in 1. Castle, J.E., Clayton, C.R., Corr. Sc.,
addition to its ability to resist 16(7) (1977).
degradation. Nickel's resistance to 2. Fadley, C.S. Prog. in Solid State Chem.
dissolution is attributable to the formation 2 d C.
of a passivating film. Therefore the nature l, 265 (1976).
and composition of the film is of 3. Dickinson, T., Povey, A.F., Sherwood,
considerable interest, and has been examined P.M.A., J. Chem. Soc. Faraday Trans. I,
by numerous investigators and techniques. 73, 327 (1977).
Unfortunately, there is considerable
controversy in the literature regarding both 4 Melendres, C.A., Paden, W., Tani, B.,
the passivation potentials and the species Walczak, W., J. Electrochem. Soc., 134,
responsible. 762 (1987).

In this study the surfaces of pure
(99.999%) polycrystalline Ni (Materials
Research Corp.) were examined with X-ray
photoelectron spectroscopy (XPS) at six
photoelectron take-off angles; 100, 200, 300,
400, 500 and 600, measured with respect to
the plane of the sample surface. Decreasing
the angle of take-off enhances the signals
obtained from the outermost regions of the
surface (1). Separate freshly prepared Ni
electrodes were analyzed following various
surface treatments which are as follows;
mechanical polishing, cathodic polarization,
and anodic polarization at active, passive
and transpassive polarization. The primary
electrolyte utilized was deaerated 0.1M
H2SO 4. All specimens were transferred to the
vacuum system anaerobically to prevent
further modification of the electrochemically
formed species.

The primary motivation behind this study
was to determine how consistently well
variable angle XPS can describe the physical
state of the surface following passivation
and dissolution. The data yielded
information regarding the morphology of the
film including the distribution of S within
it. In addition, following the work of
Fadley (2), the variable angle data also
provided surface roughness information. A
surface roughness index was assigned to each
of the cases examined. A knowledge of the
physical state of the surface is essential in
developing a model to accurately predict the
dissolution process.

The results obtained here indicate that
passive and transpassive Ni surfaces are
composed of a bilayer film, consisting of an
NiO inner layer and Ni(OH) 2 outer layer. The
prepassive or active Ni surface was observed
to consist solely of Ni(OH) 2. While these
finding are consistent with some (3), they
are contradictory with others (4).
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The transient potential-time curves,
Investigation of the Growth of Porous obtained during the growth of the pc-ous
Oxide Films on Different Pretreated Al layers allow differentiation between different

Surfaces. pretreated aluminium surfaces. This is
illustrated in figure 1 for the growth of a
porous film in phosphoric acid on respectively

Terryn, H., Vereecken, J. rolled and AC etched aluminium, with and
Dept, of Metallurgy, Electrochemistry and without cleaning of the etch products. The

Materials Science corresponding HVEM observations are
Vrije Universiteit Brussel represented in figure 2 a and b. Examination

Pleinlaan 2, B-1050 Brussels, Belgium of the different morphologies proved that the

steady-state anodic film morphology,
Vanhellemont, J., Van Landuyt, J. consisting in hexagonal cells with a central

Centre for High Voltage Electron Microscopy pore is valid on all treated aluminum
Universiteit Antwerpen, RUCA substrates. The initial non-steady-state

Groenenborgerlaan 171, 2020 Antwerpen, Belgium situation, during which the incipient pores
are formed, is found at the outer surface of

the oxide film. The initiation of these
TEM studies, performed by Thompson and incipient pores is related with the aluminium

Wood, on the growth of porous layers in substrate morphology, induced by the
sulphuric and phosphoric acid permitted a pretreatment process. Figure 3 shows for
detailed description of the initial barrier example the morphology of the incipient pores
layer formation and pore initiation processes on a rolled aluminium substrate. Extensive
[I]. The films were basically formed upon and quicker pore initiation occur above these
electropolished aluminium surfaces to obtain lines present on the rolled aluminium surface.
reproducible flat surfaces. Such studies If the aluminium surface is smut with etch
pointed out that the dimensions of the porous products, inhibition of the initial anodic
structure are dependent on the anodizing film formation is noted. The remnant of the
conditions. More specifically it was found etch products are found at the outer surface
that pore and cell diameter and barrier layer of the oxide film (figure 4).
thickness are in proportion to the anodizing
voltage.

Additionally, the composition and roughness Acknowledgement

of the aluminium substrate may have an Authors greatfully acknowledge Agfa Geveart
influence on the anodic oxide film formation, for financial support.
Although a significant part of the literature

deals with the growth of the porous layer, References
little information is available about the role
of the substrate roughness. Roughness is of l.Thompson, G.E. and Wood, G.C., "Anodic Films
practical importance in many industrial on Aluminium", Chap.5 "Treatise on Material
applications such as in preparing lithographic Science and Technology", ed Scully,J.C.,
printing plates and electrolytic aluminium Academic Press, London, Vol. 23 (1983) p.
capacitors. 205.

2.Terryn, H. , Vanhellemont, J. , Vereecke
This part of the study was focused on the J., Van Landuyt J.,"Aluminium Surface

growth of the porous layers on relatively Treatments Technology", eds. Alwitt, R.S.
rougher surfaces, prepared by two different and Thompson, G.E., Electrochem.S.c.
industrial pretreatment processes: rolling ,Pennington (1986) p.291.
and AC electrochemical etching. During AC 3.Terryn, H., Vereecken, J. and Thompson,
electrograining, the aluminum is polarized G.E., to be published

under alternating current conditions in an
electrolyte such as hydrochloric acid, which
assists in the controlled production of a
relatively high population density of pits in
the presence of chloride anions which are
aggressive to the aluminium metal 12,3,41.
Such treatments tend to introduce
topographical and compositional
heterogeneities on the Al surface.

The different A1 2 0 3  interfaces were

examined by means of high voltage electron
microscopy at an accelerating voltage of 1000
ke'. Cross-sectional specimens of the
anodized samples were obtained with a
completely different sample preparation
technique, based on sawing and subsequent ion
thinning of the sample, in contrast to the
commonly used ultramicrotome [2]. The
discussion of the results allows comparison of
the two techniques.
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Figure 2 a Cross-sectional HVEM micrograph of

a porous film formed on rolled Al.
Figure 1 Voltage-time transient curves,

obtained on different pretreated
aluminum surfaces (anodizing
conditions; 0,4 M
H3PO4,temperature 22 

0
C, current

density 100 Aim
2 

) 1-rolled, 2- AC
grained, 3- AC grained+cleaned

Figure 2 b Cross-sectional HVEM micrograph of

a porous film formed on AC grained
Al.

Figure 3 HVEM plan views of a stripped Figure 4 Cross-sectional HVEM view of a

porous film formed on rolled Al. porous film, covered with the

a-low magnification remnants of etch

b-high magnification products.
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On the Influence of Surface Nitrides
on Anodic Kinetics

R.D. Willenbruch, M. Oversluizen
and C.R. Clayton-

Department of Materials Science
and Engineering

State University of New York at
Stony Brook

Stony Brook, New York 11794

Surface nitrides have been generated
on the surface of high purity samples of
Fe, Cr, Ni and Mo and on the surface of
types 304, 317LX, 904L and AL6X stainless
steel. The technique employed cathodic
reduction of the pre-existing surface oxide
films in O.1M MCI followed by continued
cathodic polarization following addition 3f
0.5M NaNO The reduction of NO 3- to N -

results in surface nitride formation.
Anodic polarization was then performed in
deaerated O.1M HCI to determine the
influence of the surface nitride on the
anodic kinetics. XPS analysis of the
nitride surfaces following cathodic
treatment and snodic scanning to OmV (SCE)
was performed in order to determine the
nature and degree of retention of the
surface nitride. The mechanism by which
surface nitrides modify the anodic kinetics
of pure metals and stainless steel is
discussed.

Acknowledgements

This work was supported by a grant
(NO001485K0437) from the U.S.O.N.T. (Dr.
A.J. Sedriks, Contract Officer).

132



Abstract No. 127

A.C. IMPEDANCE MEASUREMENTS IN LOW MODELLING
CONDUCTIVITY MEDIA : EXPERIMENTS AND MODEL

The behaviour shown in Fig. 1 represents the

S. CHECHIRLIAN, H. MAZILLE whole range of possible features. It has been modelled
Laboratoire de Physico Chimie Industrielle, INSA, by the network shown in Fig. 4. Similar approach was
69621 VILLEURBANNE Chdex, FRANCE. proposed in (1) but C2 was neglected. The impedance

actually measured is calculated as Zexp = ERE/I . As
P. EICHNER point out in (1) the inductive behaviour is due to C1.
Rh6ne-Poulenc Industrialisation, Centre de Recherches
de Ddcines, SP 166, 69151 DECINES Cddex, FRANCE. As proved by Fig. 5 and 6 the model resl'tutes

with an excellent precision the experimental data
M. KEDDAM, H. TAKENOUTI, LP 15 du CNRS "Physique des when the distance x and electrolyte resistivity are
Liquides et Electrochimie, UPMC, tour 22, simulated by varying the resistancesvalues. The H.F.
4 place Jussieu, 75252 PARIS Cddex 05, FRANCE. capacitive arc ((R'e v Re)C1/(CI + C2 ))in diameter

arises from the frequency dependence on the dividing
bridge Cl/(CI + C2 ) applied to the entry voltage
across (Re + Re + Cdl//Rp). Increasing x is simulated

It is commonly experienced that cell impedance in by the ratio Re/R'e at constant (Re + R'e).
the high frequency (H.F.) range (f > 10 kHz) exhibits
beyond the series electrolyte resistance Re one or REFERENCES
several loops irrelevant to the electrode process (1,
2, 3, 4). In low conductivity media encountered in 1. H. GOHR, M. MIRNIK and C.A. SCHILLER
spreading corrosion studies (natural waters, organic, J. Electroanal. Chem., 180, 279 (1984).
...) these relaxations overlap the faradaic range
thus making interpretation of data extremely questio- 2. B.B. SAVOVA-STOYNOV and Z.B. STOYNOV
nable (3). This problem was dealt with here in the J. Appl. Electrochem., 17, 1150 (1987).
framework of the corrosion study of austenitic stain-
less steel (304 L and 316 L) in concentrated acetic 3. J.P. DE SOUZA, O.R. MATTOS, L. SAHTLER and
acid (ACOH). H. TAKENOUTI

EXPERIMENTAL Corros. Sci., 27, 1351 (1987).

4. C. FIAUO, M. KEDDAM, M. KADRI and H. TAKENOUTI
Cell : Cylindrical with axial R.D.E. (W.E.) Electrochim. Acta, 32, 445 (1987).

1.13 mEin diameter embedded in a Teflon sheath (2 cm
in diameter). Counter-electrode (C.E.) is a platinum
mesh covering the cell walls (lateral + bottom). Re-
ference electrode (R.E.) was either a Ag/Ag Cl in
ACOH + 0.1 M LiCIO4 ) + Luggin capillary or the tip

of a Pt wire (0.05 cm in diameter).

Electrolytes : 100 % ACOH (; = 12 M2.cm) or
80 %.1A -T 0.2 k..cm) with no chemicals addi-
tion.

Measurements set-up : Solartron equipment (1286 1 1Hz
interface + 1250 TFA). /x(nm)

RESULTS L-H
R.E. arrangement, electrolyte resistivity and 2

distance x from R.E. tip and S.S. surface were inves-. h

Ag/AgCl + Luggin capillary as R.E. .0

80 1 ACOH :Fig. 1 gives a set of diagrams asa 5

function of x. All plots display a H.F. capacitive E
arc with constant size and frequency spacing followed '0

by a M.F. loop which changes from capacitive to
inductive shape as x is decreased. The L.F. branch
represents the true interface capacitance. Re estima-
ted by the Newman's formula is given by the intercept 2 3
of this L.F. branch on the real axis at frequency P p a rls krL
close to 100 Hz.

100 1 ACOH : Similar results are shown in Fig. 2.
Frequencies are shift towards lower values whilst the Fi reI Impedance diagrams as a function of the
inductive behaviour dominates the range usually cove- iri :e abetween the tip of the capillary and the
red by faradaic impedance. electrode surface. Reference electrode

Pt wire as R.E.: Fig. 3 shows the results cor- Ag/AgCl/O.lM LiClO4 . Acetic acid 80

responding to Fig. I.The side effect is wellknown in = 10.2 k.cm.

fairly conductive electrolytes (capacitive loop at
large x) or cell with very small impedance of W.E.
(inductive lc., at small X).
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Technique for Estimating Salt-Air Corrosion Rate falling to the ground within a unit time.

Based on this equation, the elliptical distribution is

Y. Miyata, R, Takekoshi, H. Takazawa and K. Arita given as shown in Fig. 2. The function to estimate sea-salt

NTT Technical Assistance and Support Center particle distribution is formulated to add up all elements
9-11 Midori-Ch 3-Chome, Musashino-Shi, Tokyo 180 Japan from the sea in 16 directions. The observed particle levels

shown in Fig. I were used in a multivariate analysis to

I. Introduction determine optimum coefficients for these functions. The

Salt damagel' is a serious problem for metallic materials correlation coefficient between estimpted and observed
used in outdoor facilities in island countries such as Jan. values is 0.89 as shown in Fig. 3.
Sea salt mainly determins corrosion rate. This rate varies
with distance from the sea

2
", and ranges from severely 2-4 Estimation of the Metallic Corrosion Rate

damaging in coastal areas to mildly damaging in inland Atmospheric corrosion, including salt damage, can be

areas. It also varies with the climate at individual places. classified as wet corrosion. Wet corrosion progresses with

Therefore, few studies have estimated corrosion rate by water film on the surface acting as a medium which helps the
investigating the synthesis of the effects of each flow of corrosion current due to local-action cells. The
corrosion element. This paper discusses a method for water film thickness is closely related to the atmospheric
estimating metal corrosion rate based on the results of our moisture level. Therefore corrosion does not progress at a
nationwide exposure test. constant rate, but changes with the moisture level. Changes

in corrosion rate during the day as monitored with chemical
2. Estimating the Corrosion Rate impedance measurements' ) are shown in Hig. 4. The
2-1 Basic Data indicate that dew formation and rainfall are the most
Exposure corrosion tests were conducted to collect basic important factors in the average corrosion rate. Therefore

data on metal corrosion in 21 areas throughout Japan as the approximation shown in Fig. 5 serves as a model for the
shown in Fig. I(a). Plates of Hot-dipped galvanized steel, progression of atmospheric corrosion. Total corrosion is
a widely used anticorrosion material, were used. The plate described as
dimensions were 50 maX O0 iXx3 Im. The resu)ts of I and
2-year exposure tests were used to estimate the corrosion F = A f (m) f T) f (C)+ B f 4(r)f 2(M f s(C) (21
rate. The estimation functions were also used to estimate

the distribution of sea-salt particle levels at 30 areas in where m moisture. T - temperature. C sea-salt particle
Choshi City, Chiba Prefecture as shown in Fig. I(b). level, r - the number of rainy days. and A and B are the

proportional constants. Each element's effect on corrosion
2-2 Corrosion Elements rate is represented by one of the independent functions. F,

The main factors which affect corrosion rate are sea-salt f .
particle levels, temperature, moisture. and precipitation. Each coefficient described in Eq. (21 is set to maximize
Except for sea-salt particle levels, this data can be the correlation coefficient between the logarithm of the
obtained from standard meteorological data. Sea-salt estimated corrosion degree and the test data. The
particle levels can be evaluated using wind direction and relationship between two corrosion levels is shown in Fig.

velocity, which are also meteorological data, and the 6. 80% of the test data values corresponds to the

distance to the coast, which can be obtained from a estimated values with an accuracy of t30% accurac'.
topographical map. Monthly averages of meteorological data
were used to simplify the estimates and to reflect seasonal 3. Conclusion
weather variations. Functions to estimate corrosion rate have been formulated.

These funtions use variables that are easi;y obtained from
2-3 Estimation of Sea-Salt Particle Levels meterological data, and distances to the coast obtained

Sea-salt particles are transferred by wind. Their from topographic maps. These functions estimate the salt-
direction and speed change constantly. We assume that the damage-related corrosion rate for metallic materials to

wind can be resolved into two vectors: an invariable within ±30% accuracy.

component with average direction and speed (wind-I), and a lltl'T(ES
second component with a constantly varying velocity (wind-21. (1) Yu.M.Panhenkio and L.A.Shuvakhina: Zasheh. Met., 20, 5,
Then the steady-state distribution of sea-salt particles can p.48. 1984.
be formulated using the follouwing partial differential (2) S.Yasukawa, K.Eato, M.Yamada and H. Imizuni: Hoshoku
equation, Gijutsu (in Japanese), 29, 6. p.3,17, 1980.

D( 
8  

B C+a, C + 8CC + C (3) S.Haruyama, T.Tsuru and M.Anan: Bohoku Gijutu (in
a( + (+V, +V, -KC=O (I) Japanese), 27, 9. p.449, 1978.

(4) K.Hladl and L..Callow: Brit. Corros. J., 15. I. p.20.
where C the amount of floating sea-salt particles, D - 1980.
diffusion constant due to wind-2. Vx and Vy represent the (5) P.R.Vassie and .Markenzie: Corros. Sci.. 25. p.1. 1985.
components of wind-I, and X K the ratio of particles
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A NEW ELECTROCHEMICAL TECHNIQUE FOR

RAPIDLY EVALUATING PROTECTIVE
COATINGS ON METALS

ChangjSan Lin* and Tinh Nguyen

National Bureau of Standards
Gaithersburg, NMD 20899

*Guest Worker from Xiamen University, Xiamen,

China

Despite widespread applications of organic coatings for
corrosion protection of metallic substrates, no univer-
sally acceptable method exists for evaluating their
corrosion protective performance. One of the main
reasons for this void is that the performance of an
organic protective coating system is dependent upon
many factors, including properties of the metal sub-
strate, the coating, the metal/co ting interactions,
and the environments to which it is exposed.

Techniques used for evaluating the effectiveness of
corrosion protection of coated metals can be divided
into two main groups: non-electrochemical and electro-
chemical. Since many failures of a coating system,
such as blistering, cathodic delamination, and corro-
sion are controlled by the conducting (or resistant)
properties of the coating and the electrochemical
processes occurring at the metal/coating interface,
evaluation techniques based on the electrochemical
principles may provide useful means to assess the
protective ability of a coating against corrosion of
a metal. Indeed, work at Lehigh University has
shown that there is a direct relationship between
the conductivity of the coating and the rate of corro-
sion.

Since corrosion of coated metal is a complicated
phenomena, single technique may not be adequate to
evaluate the corrosion protection of a particular
system. It is necessary to combine various techniques,
including non-electrochemical techniques, to more
effectively evaluate the corrosion protection perfor-
mance of coating systems for metals. In this study,
a new electrochemical technique, the multicyclic
potentiodynamic polarization (MCPDP) technique, was
used to evaluate the corrosion protection ability of
coatings on metal.

In the multicyclic potentiodynamic polarization
technique, the applied potential scans forward,
starting at the corrosion potential, and continues
in the positive (anodic) direction. When it reaches
a preprogrammed positive potential value, it reverses
and begins in a negative (cathodic) direction, past
the corrosion potential. When it reaches a pre-
programmed negative potential, it reverses and scans
In the positive direction again. This cycle may be
repeated many times until the polarization current
(anodic or cathodic) occurred. The scanning times
and the polarization currents are recorded. The
current and scanning times are compared for a set of
samples. The lower the polarization current at any
particular scanning time, or the longer the scanning
time at the same polarization current, the better the
corrosion resistance of the coating. The parameters
of measurement can be changed depending upon the
requirements of the samples. The scanning rate is
typically between ImV/sec. and 1OOmV/sec. In this
study, positive potentials between 0.8 and I.SV and
negative potentials between - 0.8 and - 1.8V were
selected.

This paper presents the results of preliminary studies
to develop the method and apply it to assessments of

several key factors which contribute to the performance
of coating systems; these include coating type, coating
thickness, curing conditions, substrate surface contam-
ination, and defects in the coating.
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Corrosion Inhibition and Adsorption Behaviour of Some Inspection of the above isotherms reveals that the
Thioamides on Mild Steel in H2 So 4  free energy of adsorption, Go ds depends on both X and

0. Improper choice of X andior a results in erroneous

B.E. EI-Anadouli, F.M. Eltaib Heakal, F.M. EI-Nizami values of A GOds. A reasonable estimate of X may be
and B. G. Ateya obtained from onsideration of the structure of the corn-

Chemistry Department, Faculty of Science, pound e.g. bond lengths and bond angles.
Cairo University, Cairo, Egypt. Test of isotherms:

Introduction and Objectives: The configurational factors of the various isotherms

The use of organic sulfur compounds as metallic (l.h.s. on equations 2-5) are essentially functions of cover-

corrosion inhibitors has been widely investigated 11-4). age 0 and size ratio X, i.e. f(0, X). The above isotherms

Particular attention was often paid to compounds contain- may be converted into the general equation

ing thioamide functional groups e.g. thiourea and its deri- In [ a ) I ads
vatives. We have been interested in studying the effects C - ET * 2 a 0 17)
of a series of such compounds on the corrosion kinetics where a is the coefficient of lateral interaction. The
of mild steel in H SO These compounds are: most suitable isotherm was chosen by fitting the experi-
thioacetamide (TA i, H 'C : S.NH thiourea (TV), mental data (coverage-concentration-temperature) to
H2N.C 2 efNHt and thioemicarbazide 2f N.NH.C o S.NH Equation 7. The function f(0, X) is evaluated at various

measured the effects of these cdlripounds o t values of X, and the l.h.s. of equation 7 plotted versus
polarization curves, corrosion current and potential, activa- coverage 0.. A straight line was obtained invariably indicat
tion energy and polarization resistance at various concen- ing the validity of the isotherms. The lateral interaction
trtions and temperatures. The adsorption behaviour of coefficient a is given by the slope of the straight line.

thiourea and its effects on the corrosion kinetics were At 20
0
C, the best fit was obtained with X=2 for the

reported elsewhere [5,6]. The ourpose of the present three inhibitors with significant lateral (repulsion) interact-
work is to evaluate the effects of thioacetamide and ion; the computed a values are about equal for thioura
thiosemicarbazide on the corrosion kinetics of mild steel, and thioacetamide while a considerably greater value was
Furthermore, their adsorption behaviour was analysed in obtained for thiosemicarbazide. The value of X=2 means
oder to cho t,, appropriate adsorption isotherm and that two water molecules are displaced for each inhibitor
hence determine the free energy of adsorption. Subsequ- molecule. Since the cross-sectional area of a water
ently the results ire to be compared with those obtained molecule is about 12.5 Aof it follows that at 20 te

on thiourea. The similarities aid difference, are discussed inhibitor molecule occupies an area of about 25 A1
.

in view of the differences in the molecular structure of Comparison of this area to those predicted by molecular
the compounds. models indicates that the inhibitors are adsorbed vertically

Adsorption isotherms i.e. the thio-carbonyl group >C=S is held perpendicular t;,
the metal surface. On the other hand,at temperatures of

A knowledge of the adsorption behaviour of these 30-50
0
C the best fit was obtained with X=4 and a : 0

inhibitors is necessary to understand their inhibitive action. i.e. no lateral interaction. Under these cnditions, thq

The surfaces of metals in aqueous solutions are alwasys area occupied by each inhibitor molecule is about 50 -,o-
hydrated with adsorbed water dipoles. Consequently, the which is compatible with planar adsorption. With this
adsorption of an organic inhibitor on the metal surface orientation the molecular dinols r= parallel to the metal
requires the displacement of a number of water molecules, surface, hence tey u., not excercise idierai :ateraction
It is regarded as a substitutional adsorption process i.e. with each otner. lurther detailsanaiyses and interpreta-

O ag(sol.) x H20(ads )  O'.(ads ) , N H20(sol.) (I) tions ate to the presented.
References
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adsorbate. It is also viewed as the ratio between the 2. J.N. Putilova, S.A. Balezin and V.P. Brannik. Metallic
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where 0 is the dtgree of coverage of the metal surface
with inhibitor and a is the coefficient of lateral interaction.
The adsorbability K is related to the standard free energy
of adsorption. o, o y:

ad "

k = 11/55.5) cap I- NGo, /1) (6)
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Rapid Evaluation of Iron Corrosion Rate in Tafel slope, Bc. Both Sa and Bc can be cal-
Solution Containing Inhibitors by Using culated in the same manner, using Eq.3.
Coulostatic Method Thus, a corrosion current density can be

obtained by following the Stern-Geary formula.
Yuichi Sato, Tomoyoshi Hamada,
Shoichi Sugiyama, Takehiro Owa icorr = a Rp

-  
4

and Koichi Kobayakawa 
2
.
3
(Sa+Sc)

Department of Applied Chemistry, The overvoltage decay curves necessary for
Faculty of Engineering, calculating the polarization resistance and

Kanagawa University Tafel slopes were measured by using a

Rokkakubashi, Kanagawa-ku, Yokohama corrosion meter( Hokuto Denko IK-201 ) which
221 Japan could apply a given amount of electric charge

to a test piece in solution, a transient time

Introduction converter( Riken Denshi TCC-1000-11 ) and a
The polarization resistance method of Y-t recorder. Commercially available steel

obtaining metal corrosion rates in solution coupons( JIS SS41 ) were used as test pieces,
is a familiar electrochemical technique, which were also used as a counter electrode.
However, it involves several problems, such Two steel coupons immersed in the solution

and the length of were measured alternately as a test electrode.
as an ohmic drop correction A saturated calomel electrode was used as a
time involved in the case of a low corrosion reference electrode. The solution used in
rate(l). To overcome these defects, the
coulostatic method was successfully applied experiments( see Table I ) were made from
to corrosion rate measurement(2). reagent grade chemicals with distilled water.

The applicable range of the method is not All measurements were carried out at a roomso cle icar. e To ane its e pplicability t atemperature( 26-2
0
C ) under atmosphericso clear. To expand its applicability to a pressure without expelling dissolved oxygen

wide range of corrosion systems, we tested the inese wout e gd
method by measuring the corrosion rates of the solution.

steel in water containig various types of
corrosion inhibitors and confirmed that the Results and Discussion
results gave good agreement with those A typical overvoltage-time curve to obtain

obtained by the weight loss method. Rp value is reproduced in Fig.2, which is
measured in 0.1% NaCl solution containig 100

Experimental ppm K2 Cro,. Qualitativelv, the potential

Wen a small charge pulse is supplied to decays fast to initial value( Ecorr ), if the

the electric double layer of a corroding corrosion rate is high. The log -- t plot

me~a!, the potential jumps from the corrosion obtained from 7.1.2 indicates a good

potential to another potential. The over- linea--ity in agreement with logarithzic
voltage immediately after charging is a equation of Eq.2( Fig.3 ). by extrapolating
function of the double layer capacity of the log nt plot to t = 0, the value of - was
metal and Is given as follows: found to be 3.7 mV, from which differentialan is (n as f : capacity Cd was calculated as 1.36 F/n

2
.

r, = ,,q / Cd [ I I Polarization resistance, Rp, was deduced as
where no is the initial overvoltage, Aq is 0.93 Qrm' from the slope of log -t plot, shown
the supplied charge and Cd is the double in Fig.3 with the aid of Cd value. Then the
layer capacity of the test piece. The charge Tafel slopes were obtained. In Fig.4, anodic
increment is then consumed progressively by and cathodic overvoltage-time curves for
the corrosion reaction, which causes the steel in 0.1% NaCI solution containing 100
potential to drift back to the corrosion ppm K2Cr 2O7 are shown, by which the Tafel
potential, Ecorr. This potential decay, nt, slopes are calculated, showing ia is equal to
proceeds exponentially with time,t, according 30.1 mV and Rc is equal to 23.9 mV respective-
to the next equation, ly with the aid of Eq.3, From Eq.4, icrr

rt = go expi-t/(CdRp)) ( 2 1 computed is 7x10
l

' A/s'. Fig.5 shows time

where Rp is the polarization resistance. By dependence of icorr for steel in 0.1% NaCl

using equation [ 1 J and ( 2 1, Cd and Rp can solution containing 100 ppm K2crO,. This

be obtained. For the calculation of the system is in inhibited condition and the cor-
anodic and ros ion rate is almost constant with time.

corrosion current density, icorr, nich The corrosion rate for each svstem was cal-
cathodic Tafel slopes are necessary, wnich cltdadaeae o h oa meso
can also be determined by the coulostatic culated and averaged for the otal immersion

method(3), period. At the same timc, the corrosion

In the Tafel slope measurement, the amount rate by the weight loss method for the same

of charge is chosen to yield a 50 mV or larger test pieces were measured. These are

overvoltage in order to eliminate the effect tabulated in Tablheosat corrosion rates

of the opposite reaction. The final formula obtained by the coulostatic method coincided

for calculating the Tafel slope is given in with those obtained b the weight loss

Eq.3. method.

B = An / logf(t,-t,)/(t.-t.) 1 3 1 References

where An is an arbitary interval of over- 1. D. A. Jones and N. D. Green, Corrosion,
voltage which divides the decay curve, t,, t. 22, 198(1966).
and t, are read three succeeding time from 2. . Kanno, M. Suzuki and Y. Sato
these cuceeding points, as shown in Fig.] J.Electrochem.Soc., 125, 1389(1978).
Thc value of An is usually from 5 to 10 m. 3. K. Kanno, M. Suzuki a Y. Sato
To obtained the anodic Tafel slope, Ba, a test Corrosion Sri., 20, 1059(1930)
piece is polarized in the anodic direction
and in the reverse direction for the cathodic
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Table I Corrosion rate ot steel I SS 41 in 0 1 NaC1 solution containing

various types ot inhibitors

Inhibitor Inersion Corrosion Rate ( tdd

tine (hrs) Coulostatic Method Weight I.-S Method

no Inhibitor 505 43.S 2.7

lOoppn KCro,( 506 1.7 2 '1
200

ppm K2CrO(i, 506 2.1 1.2

300pp, KCr '), 50h 1.7 1.8

IOlpp- 1.1' i, 50h 25 543

IOOppm HP O,p + lOOppm Ca
2 +  

4% 8.5 11 .1

200ppm NOa 4)9 1.1 0.8

1 4O
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The Effect of Complexing Agents on the Anodic again reilat.e.d to stabilisation of the free
Dissolution of Iron. Fe* itn t ; a complex so that the solubility

prod-ct rinteria to initif to precipitation of
M.F. Bell and R. lyer. Fe(Oil l isH not met until higher potential.

This, in turn, increases the peak current.
Laboratories for Inorganic Materials, We also conclude that the citrate-FeZ4

Dept. of Chemistry, compIex in more stable than the Fe2t-SSA
Concordia (niversity, complex which is consistent with the exchange

1455 DeMassoneuve Blvd. West, current density values.
Montreal, Quebec 13G IMB. With tannic acid, we see an

interesting change in the shape of tht
current voltage curve (Figure 3). A plateau

IIEDDUI I region appears anodic to the peak potential.
In the alkaline pil ranges, it is At present, no firm explanation of this

well known that dissolved iron exists as phenomenon can he given but we suspect that

amorphous Fe(011)3 species [1]. Inter- the Fez-/Fe
3
. couple is interacting with the

estingly, however, various studies r2,31 have tannic acid in an ECE mechanism involving the

indicated that complexing agents such as oxidation (if the organic molecule. Further
organic soll matter (in the form of fulvic experimentii are required to tent this
acid) can form complexes with the Fe

3
. hypothesis.

species and may thus aid corrosion by either We conclude from these measurements

stabilising the Fe3f ion or the colloidal that, the stabilisation of ionic species
Fe(01l3 species by adsorption. In this through complexation are an important factor
paper, we describe our initial attempts to in the corrosion of iron in alkaline soils

study these phenomena at a iron rotating disc and its transport in natural waters.
electrode.

PEFERENCES
1. W. S'tumm and J.J. Morgan, Aquatic

EXFERIllIiNTAL Chemistry, 2nd. Ed., Wiley Interacience.
Initially, sulfosalicylaten, 2. C.l1i. Langford, R. Kay, G.W. Quance and

citrates and tannic acids were chosen an role T.R. Khan, Analytical Lett., 10(141
models for the investigation of the more 1249-12611 (1977).
important species such as fulvic acid. The 3. R.K. Skogerbe and S.A. Wilson, Anal.
oxidation experiments were carried out by Chem., 53 228-232 (1981).
potentiostatic control on a rotating disc 4. J.M. West., Electrodeposition and Corrosion
electrode in deaerated boric acid - NaOHl Processes, 2nd. Ed., Van Nostrand leinhold
buffer solutions in the pi1 range 7-.5-9. (,IONDON) 1970.

5. I.D. Armstrong, Corrosion Science, ii.
6(93 697 (1971).

REShLTSMDJIhU25[ Q1(O
The addition of citrate and

sulfosalicylates (SSA) at a single pit shifts
the rest potential in the cathodic direction
(Figure 1); citrate ions having the greatct
effect. Thin behaviour is consistently
observed in the range of pil 7.5-9 but at
pHi9, the concentration of OH- ions is high
enough to instantaneously passivate the
electrode negating the effect of the complex
ing agent. This confirms the theory [21 that.
the citrate and SEA ions form solvating
sheaths with Fez+ ions making it more stable
than the equivalent aquo ion. This corren
ponds. to a schematic energy diagram (41 shown
in Figure 2. The stabilisation of tihe Fe2
ion corresponds to a decrease in the Gibbs
Free Energy of the final state. This also
decreases the height of the activation
barrier causing an increase in the exChang(
current density. to. An the dissolution
reaction in balanced by hydrogen evolution.
this causes a cathodic shift in the rent.
potential and an increased rate of metal
dissolution. However no change is ohnerved
in thu anodic Tafel slope suggesting that the
dissolution mechanism is not changed. These
results Indicate that the primary effect is
the stabillsation of the FeZ ion.

In all cases, we observe that the
peak potential Is rotat. ion speed deptendent
tuglgenting that panivation occurs by a

d snolution precitpitation mechanism as
disrussed by Armstrong 151. In thin pl
range, it in obsterved that the overpotenl.ial
for tbhe onset of pansivatieni i1 greater for
citrate than for S;A In both canes, this it;
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Figure I Current-Voltage curve with and

without complexing agents at pl1=8.1

1. Blank buffer.

It. With Sulfoaalicylate (1O-2M). r

ITT. With Citrate (1O-2M).

(scan rate 1 10 mV.9-1). 
r

* -CV

4.
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A~ M

U

Figure 2. Schematic Energy Diagram for a

Complexed Metal Ion.
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Stabilization of Metal-Metal Oxide Surface stability of P(3-MT) films in aqueous solution still

Using Conductive Polymer Films remain unresolved. It has been studied in the present
investigation in relation to the ability of the film

Zhi Deng, Henry S. White and William H. Smyrl to maintain a constant open-circuit potential.

Second, investigations have been directed to show that
Corrosion Research Center the potential of Ti/TiO can be poised by an oxidized
Dept. of Chemical Engineering and Materials Science P(3-MT) film. And only in the presence of Pt parti-
University of Minnesota cles, which catalyze the 0 reduction, can the Ti/TiO

421 Washington Ave. SE be poised at a constant potential within the passive
Minneapolis, MN 55455 region for indefinite periods.

In order to separate out the effect of polymer

The passivation of many metals, such as Fe and Ti, films acting as inert barriers, P(3-MT) films were

can stabilize them against attack in aggressive actually deposited onto an inert substrate such as

environments(i). This is because the rate of metal glassy carbon. Then it was galvanically coupled to an
dissolution is suppressed by thin oxide films formed oxide-covered Ti electrode. This, in addition, gave
on the surface of the metals. The result is the life us control over the a-ea ratio of exposed Ti surface

of the protected metal is extsnded, in some cases, by to polymer film covered surface.
orders of magnitude. Then the stability of oxide Ideally, the open-c!rcuit potential of an oxidized
films is important in the protection of the subs- (or reduced) sonducring polymer film should not change
trates. Because the rate of metal dissolution is with time in the D')sence of any redox reactions.
generally very low on passivated metals, the potential However, the open-circuit potential of an oxidized

of free standing specimens is generally unpoised and P(3-MT) film slowly shifts toward more negative with
prone to shifts induced by the presence of redox time in aqueous solution. This potential decay is

species. In reducing environment, the potential is shown to be due to the charged species underwent an
shifted towards negative potentials where the metal is irreversible chemical degradation in the solution.
in active region, and in oxidizing environment it is Figure 1 shows the E., time dependence for a P(3-
shifted towards positive potentials where the metal is MT) film coupled to oxide-covered Ti in the absence of
transpassive. In both cases, the rate of metal 02 reduction. As a comparison, E., of a Ti electrode
dissolution will increase dramatically was also monitored The experimental results indl-

In this paper, we describe a general strategy cares that the potential of the coupled system was
using redox polymer coatings to stabilize the poten- psised by the porert:iel of p(5-MT) film and the poten-

tial of a metal/metal oxide system well within its tial continuously shifted toward more negative poten-

passive region. The role of the polymer is to poise tials in the absence of 02 reduction. However, after
the potential of the oxide covered metal at an inter- Pt was dispersed in P(3-MT) film to catalyze the 02
mediate value between the active and the transpassive reduction, the coupled system reached a constant open-

potential regions. Thin films of conductive polymers circuit potential in a short time (Figure 2).
such as poly(3-methylthiophene) can be partially and
reversibly oxidized, establishing a well defined References

potential that remains constant in the absence of

redox reactions that may change the charge capacity of (I) (a) H.H. Uhlig and R.W. Rivie, Corrosion and
the polymer film. The potential of a partially oxi- Corrosion Control, 3rd Edition, John Wiley & Sons,
dized P(3-MT) film, for instance, will drift towards Inc., N.Y. (1985).

more negative values as the film is chemically reduc- (b) M.G. Fontana and N.D. Greene, Corrosion Engi-

ed. Coating an oxidized film of P(3-MT) on Ti/TiOz neering, 2nd Edition, Mctrao-Hill Book Co., N.Y.
has been shown to control the potential of the metal (1978).

in its passive range. The small but finite anodic (c) H. Kaescne, Metallic Corrosion, NACE, Houston
current to the passive surface at steady state, how- (1985).

ever, leads to a slow discharge of the polymer film (2) (a) D.W. DeBerry, J. of Electrochem. Soc_ 132,
according to the process given by: 1022 (1985).

(b) D.W. DeBerry and A. Viehbeck, Proc. of Elec-
(I/4)Ti + (I/m)P(3-HT)

m 
- (I/n)T184 + (I/m)P(3-MT)o trochem. Soc. (Fundamental Aspects of Corrosion

Protection by Surface Modification) v.84-3 (1984).

One then is led to the conclusion that the polymer (c) N. Ahmad and A.G. MacDiarmid, APS abstract.

film alone will not stabilize the passive surface at (1987).

steady state, and a second reaction must be used to (3) (a) J.W. Thackeray, H.S White and M.S. Wrighton.

compensate the anodic dissolution current. J Phys. Chem., L9. 5133 (1985).

We chose the second reaction to be the reduction (b) R.J. Waltman, J.Bargon, and A.F. Diaz, J
ox dissolved 0.. Dispersed Pt particles within the Phys. Chem., 8Z, 1459 (1983).

polymer film act as catalyst for the 02 reduction. (c) G. Tourillon and F. Garnier, J. Electroanal.

The polymer film not only poises the potential of the Chem., W61, 407 (1984).

substrate surface, but also serves as the site for a

reduction reaction. In this context, it is useful to

think of 02 reduction on the polymer as a low-power,
insit , current generator that biases the metal into

the passive region. Conceptually, this suggests that

the polymer film need not uniformly coat the entire

substrate.

Our objective was to experimentally demonstrate

the use of P(3-MT) supported Pt catalyst as a source

to bias the potential of Ti into its passive region.
Similar application of poly(aniline) and prussian blue

films have been recently reported(2). However, these

papers have not described the principles by which the

systems behave. Our experiments have focused on these

two points: First, although the electrochemistry of

P(3-MT) films have been extensively investigated by

several laboratories(3), questions regarding the
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TEMPERATURE DEPENDENCE OF THE LOW FREQUENCY Table I shows the results of impedance measure-

IMPEDANCE OF POLYMERIC COATINGS ments on the epoxy, polybutadiene and polyester coat-
ings. Polybutadiene and polyester exhibited a lesser
temperature dependence versus epoxy, only differing by

Richard D. Granata, Kevin Kovaleski and approximately an order of magnitude at I milz between

Henry Leidheiser, Jr. room temperature and 80
0
C. However, the epoxy exhib-

ited a substantial temperature dependence. At 8O
0
C,

Department of Chemistry and the impedance of the epoxy decreased by a factor of

Zettlemoyer Center for Surface Studies more than 104 relative to the room temperature value

Lehigh University, Bethlehem, PA 18015 at 1 mHz.

The electrical properties of polymeric organic TABLE I

coatings on metal substrates have been studied by many
investigators but little attention has been paid to Summary of Impedance Data

the temperature dependence of the electrical proper-
ties. Polymer coatings are expected to provide corro- Sample Temperature Log IZI, Log IZI,

sion protection, to retain adherence and appearance, Ocm2 0-cm2

and to maintain other physical properties for long (1 mHz) (I kHz)

periods of time. This paper describes the electro-

chemical impedance properties as a function of temper- Epoxy Ist RT 10.9 6.6

ature for an epoxy air-dried coating, a baked polyes- 40*C 9.2 6.3

ter enamel coating and a baked polybutadiene coating. 60*C 6.7 6.2
801C 6.1 5.7

Epoxy samples were prepared from 10 x 20 x 0.05 2nd RT 9.0 6.4

cm coated 1010 SAE steel panels. The panels were wet Final RT 10,8 6.6

ground with 240 grit SIC paper and rinsed with etha-
nol. Epoxy primer FIL-P-24441/l was applied by draw Polybuta- lst RT 10.4 6.0

bar at a thickness of 0.015 cm wet. The panels were diene 40'C 10.3 5.9

allowed to air cure overnight. Two coats of epoxy 60*C 9.9 6.0

topcoat MIL-P-24441/5 were applied at 0.018 cm wet 80°C 9.6 5.8

thickness by draw bar. The first topcoat was allowed 2nd RT 10.2 6.0

to air cure overnight. The final coat was allowed to
air cure one week. The panels were cut into 5 cm Polyester ist RT 10.8 6.2

squares. Final dry thicknesses ranged from 0.017 to Enamel 60*C 9.2 6.0
0.024 cm. 2nd RT 10.4 6.1

Substrates for polybutadiene coatings were pre-
pared in the same manner, but were cut into 5 cm
squares before applying the coating. The polybuta- The behavior of all three coatings was rever-

diene was applied by spin-coating, followed by a 30 sible. The second room temperature spectra of the

min cure at 195*C. Dry film thicknesses ranged from polybutadiene and polyester were within 0.4 order of

0.002 to 0.003 cm. magnitude of the first spectrum run at room tempera-
ture. This reversibility was not observed immediately

Polyester samples were prepared in the same man- with the epoxy. However, after two weeks of exposure

ner as polybutadiene samples with a 20 min cure at to the atmosphere, the epoxy samples yielded spectra

190C. Dry film thickness was 0.006 cm. identical to those obtained initially at room tempera-
ture.

Impedance data were obtained from a system con-
sisting of an EG&G Princeton Applied Research Corp. The phenomena described above have important

Model 173/276 potentiostat with computer-controlled consequences in understanding charge transport through

Solartron Model 1250 frequency response analyzer. The polymeric coatings.

impedance spectra were determined from 65.5 kHz to I
mHz, The amplitude was 15 mV above 100 mHz and 50 mV
below 100 mHz.

The electrochemical cell was a glass cylinder
clamped and O-ring sealed to the sample surface. The
seal exposed 8.8 cm

2 
of sample surface to the dis-

tilled water test medium. The reference electrode was
Ag/AgCI and a carbon rod served as the counter elec-
trode.

Studies were conducted on three sets of samples,
each at a different elevated temperatures (40, 60 and
80'C). The impedance spectrum was taken at room tem-
perature, the sample was incubated at the test temper-
ature for 1.5 h and the impedance spectrum was taken
at the elevated temperature. The sample was equili-
brated at room temperature for 1.5 h and a spectrum
was recorded. Epoxy samples were equilibrated at
ambient laboratory conditions (22°C and 50% RH) for

approximately 2 weeks and a final spectrum recorded.
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Acoustic Microscopic Evaluation of Hydroxy-Terminated d = Kd(t-to
)
l/

2  
for t > to

Polybutadiene on Steel

which is plotted for several experiments in Fig. 4. The slope
M. Kendig, R. Addison and S. Jeanjaquet Kd shows a general increase with decreasing potential and the
Rockwell International Science Center initiation time, to, appears to decrease with increasing

Thousand Oaks, CA 91360 cathodic polarization. The fringes around the "microblisters"

result from changes in the velocity of leaky surface waves

that produce alternating constructive and destructive inter-

Introduction ference as the acoustic path changes by a half wavelength

with blister growth above the coating metal interface. Given
Corrosion of organic polymer-coated steel involves the the I GHz wavelength of the acoustic waves, a rise of 1-2 an

initiation of anodic dissolution of the metal at virtual pores is estimated for the "blister" growth. However, combined
or defects in the coating.1

' 2 
The anodic defect drives the acoustic and optical microscopy leads to the conclusion that

adjacent region cathodic where oxygen reduction occurs, the "microblisters" exist entirely within the polymer and do
thereby maintaining the corrosion reaction. The reduction of not result from local swelling that lifts the polymer. This
oxygen produces a locally alkaline environment at the suggests that the features are not actually "blisters" as such,

coating/metal interface which causes disbonding and there- but result from the transformation of regions of the polymer
fore allows the corrosive degradation of the coated steel to by reaction with sodium hydroxide formed at the interface.
propagate. In a simple test, we found that a IM sodium hydroxide droplet

applied to the polymer irreversibly altered the acoustic
Until now, no rapid nondestructive, in situ technique was behavior of the film.

available for characterizing the disbonding morphology while
instantaneously measuring the disbond rate. Although optical In general, the "microblisters" correlate with the dis-
microscopy might be considered for in situ monitoring bonding. However, acoustic micrographs on highly polished
cathodic disbonding of polymer coatings, the sensitivity of surfaces required for optimum resolution suggest that pre-

acoustic microscopy to a disbond or weak bond as compared liminary disbonding occurs slightly before the formation of
to optical microscopy makes it a superior method for detec- the "microblister" front.
tion of features at the disbond front, such as zones of
polymer swelling, weak fluid boundaries and microblistering. The ability to follow the kinetics of disbonding using
Contrast in optical micrographs depends on the degree of acoustic microscopy has allowed a precise determination of
refractive index mismatch between the fluid of the disbond the dependence of cathodic cisuonding on the applied poten-
and the polymer which is not great, whereas acoustic tial and has allowed us to rapidly distinguish between the
microscopy depends on the acoustical impedance mismatch effectiveness of various surface treatments for improving
between interfaces with and without weak bonds or dis- adhesion in the presence of a corrosive environment.
bonds. The contrast observed with scanning acoustic
microscopy (SAM) is governed by the interaction of surface References
waves with the interface (as shown schematically in Fig. 1),

and is therefore sensitive to the mechanical properties of I. M. Kendig and L. Leidheiser, J. Electrochem. Soc. 123(7),
solid/solid interfaces. Furthermore, differences in the 902 (1976.
velocity of sound in the coating polymer, as governed by 2. F. Mansfeld and M. Kendig, "Electrochemical Impedance
water uptake and extent of crosslinking, may be expected Tests for Protective Coatings," ASTM Special Testing

under certain conditions to provide acoustic contrast. An Publications, No. 866 (1985).

example of this last point is our observation that alkaline 3. M. Kendig, R. Addison and J. Jeanjaquet, "Environmental
degradation of hydroxy-terminated polybutadiene which Integrity of Coating/Metal Interface," Annual Progress
shows no optical contrast gives a pronounced acoustic Report No. I for the period February I, 1987 through
microscopic contrast. January 31, 1988, Contract N00014-87-C-0075, 1988.

4. R. Addison and M. Kendig, "In Situ Measurement of
We have recently applied acoustic microscopy to the Cathodic Disbonding of Polybutadiene Coatings on

study of cathodic disbonding of polymer-coated steel.'N Steel," 17th International Symposium on Acoustical

Experimental 
Iaging, Sendai, Japan, June 1988.
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A filtered (0.2 am) solution of four parts of hydroxy-

terminated polybutadiene (PBOH) (R45HT from the Sartomer The authors gratefully acknowledge the support of the
Co.) in three parts mineral spirits containing Modifloww(0.1% Office of Naval Research under Contract N00014-87-C-0075.
by weight of active ingredients) were spin-coated on polished
600 grit and degreased 0.055 cm thick steel coupons. Some
additional surface preparations were also used. The samples
were air dried and degreased at room temperature for 12 h
followed by a cure in an air oven reaching 205°C for 9 min.

The resulting coupons were scribed (2.5 cmi perpendicular
marks using a SiC tool) and placed with the scribe mark to

the electrolyte in the acoustic microscope cell shown in
Fig. 2. In this manner, the specimens could be polarized to
different cathodic potentials and monitored in situ as a
function of time with the acoustic microscope. T-he region
monitored was always chosen to be adjacent to the scribe
mark parallel to the 600 grit polishing scratches.

Results

Figure 3 shows a typical time development of the disbond
in the region adjacent to the scribe (scribe is on the left). As
the cathodic potential is applied, a zone containing what
appear to be spherical "microblisters" grows away from the

scribe with time. The distance, d, that this region extends
away from the scribe varies with the square root of time, and
can be described by the equation

t1t,
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Abstract No. 136
CORROSION OF INORGANIC COATINGS IN MOLTEN

SODIUM POLYSULPIDE

F. Tanzella
M. MeKubre

SRI International
Menlo Park, California 94025

An important failure mode for Na/S cells is
believed to be corrosive attack of the current
collector or container by the sodium polysulfide. We

have manufactured and tested several coatings which are
expected to be electron-conductive, and resistant to

corrosion by sodium polysulfide. Also coatings which
are expected to form on electron-conductive corrosion
product layers were tested. AC impedance spectroscopy
was used to evaluate the corrosion of the coatings
while exposed to sodium polysulfide.

Inorganic coatings were prepared via three
methods. First, alloy coatings of NiZr, NiTi and NiCe
were prepared by dipping cylindrical steel substrates
into the appropriate eutectic composition at -10C
above their respective melting points. This high
processing temperature precluded the use of aluminum
substrate. Coatings of NiTi were reacted with low
partial pressures of oxygen and nitrogen at elevated

temperatures to selectively form T1O 2 and TINx layers
respectively. A NiCe alloy was chosen in hopes that a
conductive CeSx coating would form in-situ and
passivate against further corrosion.

A Si3N4 coating was prepared by polymerization of
a [Si(CH3 )2 NCH3]x oligomer. The ceramic silicon
nitride formed is electron-conductive and resistant to

oxidation at 350'C. The polymerization of the silizane
was carried out at 400oC and was used to coat aluminum

substrates. Arc plasma spray methods were used to coat
aluminum substrates with NiTi and NiZr coating. The
small particles cool quickly and don't heat the
substrate to more than 200°C. The NiTi surface was
nitrided by passing nitrogen with the powder into the

plasma. CeS which melts at over 2500*C was applied
directly to an Al substrate using this technique.

In different experiments, five samples and a
carbon rod were exposed to molten sodium polysulfide
(Na2S7 or Na2S4 .3 ) at 350*C in a graphite crucible in a
pressure vessel. A paeudo-galvanostatic AC

perturbation was applied via a potentionstat while the
real and imaginary components of the voltage and
current across the sample were measured. Generally,

the impedance responses could be attributed to a
Randles type equivalent circuit and discreet diffusion-
controlled and kinetic controlled processes were
identified. The diffusion of S.' to the substrate was
predicted to be the rate-determining step In the
corrosion process.

The nitrided NITI alloy survived exposure with the
least amount of damage. The Si3N4 and CeS coatings
showed the most promising results of the other samples
suggesting that further work is warranted. Pure Ce and
NiCe alloy both dissolved through formation of a CeSx
non-passivating corrosion product. The remaining
coatings tested showed unacceptable levels of corrosion
when exposed to molten polysulfide.

mm m am == m= 19 9
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THE MECHANISM OF BLISTER FORMATION AND RUPTURE IN THE
PITTING OF ION-IMPLANTED ALUMINUM

P. M. Natishan and E. McCafferty
Naval Research Laboratory
Washinoton, DC 20375-5000

Scanning electron and optical microscopy of
ion-implanted aluminum after anodic polarization in
deaerated, O.iM NaCl has shown that corrosion pits are
associated with the formation and rupture of blisters
caused by gas evolution at the oxide/metal interface.
See Figure I for an example of a ruptured blister.
The physical appearance of these blisters and
calculations of hydrogen pressure support a modified
version of the mechanisms proposed by Bargeron and
Givens (1,2) for blister formation and rupture on
aluminum and anodized aluminum.

The observations in this investigation differ
from those of Bargeron and Givens in that cracks of
various size were seen to radiate from the centers of
the blisters and were present before total rupture.
These cracks, which are referred to here as secondary
cracks, appear to initiate at and propagate from a
primary crack or from a pore leading from the solution
to the oxide/metal interface. These secondary cracks
are apparently the result of stresses caused by
hydrogen production at the oxide/metal interface. The
secondary cracks propagate perpendicular to the
initial imperfection; and when the hydrogen pressure
is great enough, the oxide film ruptures.

Griffith-type calculations show that the internal
hydrogen pressure required to rupture a typical
blister is of the order of 10

3 
atmospheres, whereas

thermodynamic data indicate that the internal hydrogen
pressure generated within localized corrosion cells on
aluminum is about 10' atmospheres. Thus the internal
hydrogen pressure is sufficiently large to cause
rupture of blisters on aluminum.

References

1. C. B. Bargeron and R. B. Givens, J. Electrochem.
Soc., 124, 1845 (1977).

2. C. B. Bargeron and R. B. Givens, Corrosion, 36,
618 (1980).

Figure 1. Ruptured blister on aluminum implanted with
4 atomic percent molybdenum.
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Abstract No. 138

Photoresponse cf Stainless Steel Electode and all currents were measured at once. The
Attacked by C- Ions in acidic .2edium induceon time of pittino was shorter than

that of Fic.2. The phctocurrent was increased
Shenamin Cad

4
. Shenhao Chen aradually still the same as the total current

Yaohua Dona+, Xiac Chen+t Huaquan Yana
4  

increased rapidly. The licht was chopped on
+ Department of Chemistry.Pekino University and off manually at periods of 60 seconds for

Beijing. China each case.Apnarently we still obtained 'true'
++Department of ChemistryShandono University Iph because this Iph decreased to almost zero

Jinan, China when liaht was off.
Fic.4 shows the results when the elec-

trode surface was illuminated continuously.
Introduction All other experimental conditions rema..- d

similar to Fia.3. The increasino rate of Iph

The photoresponse of the stainless steel and It are larcer than that of Fio.3. A po-
in neutral medium was identified in previous ssible partial exploration is phorocorrosion.
reports. Photoresponse measured in acidic Fic.5 shows the influence of cnncen-
medium has not been reported. In this work we traon of C1

° 
ions where it was chanced to

obtained the photoresponse in a:ilic medium O.30X.In this case the competation of the two
when CIV ions were added into 0.5M H2SO 4 so- orocesses formino of pittino and remairino
lution. The photocurrent increased aradually of film on the electrode surface) rEsulted in
when the total current increased rapidly. To the fluctuation of I t . !ph lso fluctuated
the best of authors' knowledae, no work has correspondincly and became noisy. Ie found

found on this topic. 0.3011 of C1- of the above phenomenon is
critical concentration.

Experimental Methods In Fia.6.the solution was not deaerated
with purified nitrooen. The increasino rate

All experiments were performed on of It was slower than that of Fia.S. It re-
ICrl8rligTi type stainless steel electrode sulted from elimination of fluid movement due
with diame'er of 0.5 c7. The electrode was to nitrooen bubbling.
sealed with epoxy resin (DEVCOI).and only the The 'Ph measured were always position.
workina area was exposed.Before using in each this was due to the n-type semiconductive
experimentit was polished with emery papers property of the electrodet4). We believe the
to sirror-like briohtness. then rinsed with increase of IPh when CI- existed in solution
alcohol and distilled water separately4l).All was mainly the result of cxyaen ions
solutions were deaerated with purified ni- of the passive film partly replaced by chlc-
trocen. The reference electrode was Hc/HaM2 Cl 2  ride ions (5). Chanoes of related ener y
in the same solution and all potentials re- levels, band cap. surface states as well as
ported here were referred to the normal hy- concentration of charce carriers may be also
drocen electrode (THE). The licht source was responsible for this effect. No conclusion
40 watt halocen-tuncsten lamp with liaht in- should be made at this mcmentbu7 the oresent
tensity of 81 mw/cm

2 
. The photocurrents mea- method can prcbally be used to detect the in-

sured with chopper frequency 11.1 Hz were duction period of pittina and study the
interfaced to IBM-PC/XT computer after it had chances of composition and structure of the
been amplified by lock-in amplifier (PAR electrode surface when CI ions were added.
115206, time constant of low pass filter is 3

seconds). The computer had the functions of Acknowledoement
data discrimination and data averaaeina. All
measurements were conducted at roc tempera- Projects suppcorte by the Chinese :>a-
ture of 21±2°C with circuit improved on the tional Science Fund.
basis of (2,3) (see Fio.l)

References
Results and Discussion

1. D.M.Drazic and S.Chen.Electrochim.Acta
Fic.2 shows the variation of the photo- 27,1409 (1982).

current !ph and total current It with time.
The electrode was passivated in 0.5M H2SO 4 at 2. C.Liu.S.Cai.S.M.Wilhelm.S.D.Kapusta,
0.70 V for 10 minutes. no photoresponse had A.Viehbeck and N.HackermanScientia Sinica
been detected in this period.Concentrated KCI (series B).27.225 (1984).
was added at zero second to 0.4M. three cu-
rrents were measured chronometrically 'photo- 3. S.Cai.J.Zanc.B.Shao.Y.Wu and J.WancActa
current 

1
P, the readout of the same Ip when Enerciae Solaris Sinica.No.4,353 (1986).

licht was chopped off manually and the total
current passinc the eloctrode It IFrom Fic.2. 4. S.M.Wilhelm and 1.Hackerman.J.Electroche.
it reveals that I., can be stabilized at zero Soc..128.1668 11981).
for some time. This relates to the induction
time of pittinc. Afterwards IP start in- 5. T.E.Pou.O.J.MurphyV.Youn and
creasino at about 360th second and relevent J.O'M Bcckris.J.Electrochem.Soc.,
total current also increased cradually.It ob- 131,1243 (1984).
viously meant that pittinc started. From the
fact that Iph still decreased to zero as licht
was chopped off,we confirmed that lph measured
was real photocurrent. 110 other reason such
as instrumental characteristics, electric
noise etc. may be account for this Iph .

Fic.3 shows the typical results in the
case that the electrode was derectly inserted
in 0.5M HS0 +0.35M KCI solution at 0.70 V
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Abstract No. 139

Effects of Halide Ions on the reaction at low pH solution.
Corrosion Rate of Inconel 600

References
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Electrochemical measurementu wihh a computerized
potentiostat were performed to study the corrosion
behavior of Inconel 600, high-Nickel alloy, in IM
H2SO4 at room temperature. Cathodic and anodic
polarization curves of Inconel 600 were measured under
non-steady state potentiostatic conditions by applying
large overpotential with respect to corrosion
potential, Ecorr.

Corrosion current, corrosion rate and Tafel
constant were calculated from the polarization curves
obtained in the absence and presence of halide ions,
Cl-, Br- and I-. The corrosion currents were
determined by extrapolation of the anodic and caLhodic
branch of the polarization curves. Corrosion rate,
then, was estimated using the following equation,

(0.13) (io) (E.W)
Corrosion rate(MPY) = cor

where icorr is corrosion current, E.W is the
equivalent weight in grams, d is the density of
Inconel 600 in grams per cm

3 
and 0.13 is conversion

factor to represent corrosion rate with miliinch per
year.

From the analysis of cathodic polarization
curve, it is observed that the reduction of hydronium
ion, probably main reaction at cathodic process Is
acidic solution in the N2 atmosphere, is interferred
by the adsorption of the halides. In the presence of
iodide, reduction of iodine produced in low pH
solution seems to occo' simultaneously with the
reduction of hydronium ion. It is also observed that
iodide ion inhibit both charge transfer controlled
corrosion reactions, i.e., cathodic iydrogen evolution
and anodic metal ion dissolution.

The dissolution of each components of Inconel 600
at the anodic process is also affected by the presence
of halides. It is noticeable that the value of anodic
Tafel constant is decreased as the concentration of
chlorides increases. This indicates that rate of
dissolution of Inconel 600 becomes faster in the
presence of chloride. In the case of iodide, strong
adsorption of iodide may retard the dissolution of the
alloy or the formation of porous layers of oxidic
corrosion products. Therefore, the corrosion rate of
the alloy seems to be decreased.

The surface morphology of the alloy electrode was
observed with a scanning electron microscope and
oxidic corrosion products formed on the surface of the
electrode were analyzed by X-ray fluorescence. The
mixed oxide containing NiOx was formed on the surface
of the electrode eventhough Ni(II) ion is the most
stable species in low pH solution, which is expected
from Pourbaix diagram. Analysis of X-ray fluorescence
spectrum indicates that composition of the mixed oxide
is slightly different from that of Inconel 600 without
oxide and the amount of chromium in the mixed oxide is
relatively more abundant than the bare Inconel 600.
From the comparison of the standard reduction
potential of Ni, Cr, Fe. main components of Inconel
600, it is expected that chromium is more likely to be
oxidized than the other components, i.e., Ni and Fe.

Among the tested halide ions, the effect of
bromide on the corrosion rate is negligible and
chloride is more corrosive than the others. It is
concluded that reduction of iodine is a main cathodic
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Abstract No. 140

LABORATORY STUDY OF CREVICE CORROSION Table I
OF MILD STEEL

25 mm Diameter i018 Steel Crevice Dimensional Changes

Mark Ingle, Richard D. Granata, and
Henry Leidheiser, Jr. Original Crevice Net Dimensional Change in mm

Can 500 h 1000 h 5000 h
Departments of Chemistry and Materials Science (mm) (mm) (mm) (mm)

& Engineering, and the
Zettlemoyer Center for Surface Studies 0.025 0.00 0.038 0.063
Lehigh University, Bethlehem, PA 18015 0.13 0.013 0.10 0.14

0.18 0.051 0.19 0.29
0.30 0.11 0.30 0.47

Crevice corrosion of structural steels is a seri- 0.41 0.20 0.14 0.17
ous problem affecting exposed structures such as 0.56 0.25 0.27 0.19
bridges and utility towers. This work was undertaken 0.56 0.025 0.076 019
to obtain information about the principles governing
this phenomenon.

The crevices were formed between a 1018 steel
cylinder, a concentric steel pipe, and a transparent
cover of ACRYCAL plastic, All samples were 25 or 50
mm in diameter. Experimental data obtained included:
change in dimension caused by corrosion product
buildup, current flow between interior and exterior
surfaces of the crevice, potential within the cre-
vice, pH within the crevice and the electrochemical
inpedance. Three different electrolytes were uti-
lized: distilled water, 3% NaCl and pH 4.5 H2SO4 .The crevice specimens were immersed in electrolyte
and removed from the electrolyte on a regular cycle.
The interior of the crevice remained wet even after
the specimen was removed from the electrolyte.

The corrosion in the crevice was most severe when
the specimen was removed from the electrolyte and
atmospheric oxygen diffused into the solution trapped
in the crevice. Specimens exposed to 3% NaCl elec-
trolyte yielded a solution with the lowest pH in the
crevice, 4.2. This low pH may be explained by the
oxygen access to the solubilized ions in the crevice.
When the crevice solution was exposed to atmospheric
02, the ferrous ions in the crevice solution oxidized
to ferric ions. Subsequent hydrolysis of the ferric
ions significantly lowered the pH within the crevice.
Immersion of the specimen In fresh electrolyte after
exposure to atmospheric oxygen resulted i: the pH
returning to near neutral values.

Impedance measurements were performed period-
ically on freely corroding crevice specimens in order
to characterize the initial corrosion rate in the
crevice. The buildup of corrosion products in the
crevice caused the solution resistance to increase
and the corrosion rate to decrease.

The dimensional changes of the crevice corrosion
specimens were measured over a 5000-hout period. The
dimensional changes were caused by corrosion products
filling the initial gap, exerting pressure on the
assembly, and eventually deforming the crevice corro-
sion specimens. Table I show-, measurements of these
dimensional changes in specimens exposed to repeated
cycles of immersion in 3% NaCl for 1 day followed by
exposure to a 98% humidity atmosphere for 7 days.

These laboratory measurements of crevice expan-
sion induced by corrosion product buildup correlate
with field observations of deformation in structural
connections due to mild steel crevice corrosion. The
significance of the wet/dry cycle on the crevice
corrosion of mild steel is also apparent from these
studies.
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THE ELECTROCHEMISTRY OF CHROMIUM AND

CHROMIUM-PHOSPHORUS ALLOYS

T.P. Moffat, R.M. Latanision,
MIT, Dept. of Mat. Sci. and Eng., 8-202,
Cambridge, MA 02139

and

R.R. Ruf, IBM Thomas J. Watson Research Center,

Yorktown Heights. NY

It is fairly well established that

chromium-metalloid interactions represent the key to

onderstandi-g thP remarkable corrosion behavior of

Fe-Cr-metalloid metallic glasses. Consequently, the

electrochemistry of a se ies of rapidly quenched Cr-P

alloys are being examined. These materials exhibit

very high corosion resistance in highly acidic Cl

media (i.e. 12M HCl). Examination of these materials

by a variety of electrochemical techniques as well as

XPS yields the following conclusions. The corrosion
resistance can be attributed to two effects a) the

passive films formed on these materials contain

oxidized phosphorus species which inhibit the

adsorption of the aggresive Cl species and more
importantly b) if film breakdown occurs, spontaneous

passivation immediately follows due to significant

depolarization of the hydrogen reaction on these

materials. This is thought to be associated with

phosphorus hydride redox chemistry.
It is proposed that a more general

understanding of the electrochemical behavior of

transition metal-metalloid glasses may be obtained by

somparing the passivation potential of the base

transition element with the redox potential of the

elemental metalloid hydrides as shown in the figure

below.

POTENTIAL
(V, SCE)

EFC .OAO0

E-.0200 EA ='Flade potential

A/A'= Nernst potential

H2/H'- 0242

CrlCrH4 -0332

PlPH3 - -0353

B/B-- -0385

ECL -OA39
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THE NATURE AND COMPOSITION OF THE PASSIVE primary electrolyte, and titrated this
FILM FORMED ON Ni-P-Cr METALLIC GLASSES solution with NaOH to examine the anodic

behavior at higher pH's. In addition we have
also added 0.16M NaMoO 4 to the base 0.3M NaCi
to determine if MoD 4 anions interact with the

M.A. Helfand
1
, C.R. Clayton

1
, N.R. Sorensen

2
, passive Ni-P-Cr surface. Specifically we are

and R.B. Diegle
2  

interested in determining why solution borne
anions do not appear to interact with these

iDepartment of Materials Science surfaces and if there is a point of pH iso-
and Engineering selectivity (5) in these very unique passive

State University of New York at Stony Brook films.
Stony Brook, New York 11794-2275
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and P in the formation of passive films four
alloy systems where chosen for study; Ni-20P,
Ni-2OP-3Cr, Ni-20P-6Cr and Ni-20P-10Cr References
(at.%). All the &lloys were prepared by melt
spinning and the glassy structure was 1. Kawashima, A., Asami, K., Hashimoto, K.,
confirmed by X-ray and electron diffraction, J.Non-cryst. Solids, 70, 69 (1985).
and by transmission electron microscopy.

2. Diegle, R.B., Clayton, C.R., Helfand,
We have examined the anodic behavior and M.A. , Sorensen, N.R., Accepted for

the composition of the passive film formed on publication J.Electrochem.Soc.
these alloys in 0.2N HCl (pH=0.7) and 0.2N
H2SO4 (pH=l.2) using electrochemical 3. Clayton, C.R., Helfand, M.A., Diegle,
techniques and surface analysis (XPS and AES) R.B., Sorensen, N.R., in "Corrosion,
(2,3). A very interesting property of the Electrochemistry and Catalysis of Metallic
glassy alloys containing either P or P and Cr Glasses", Eds, R.B. Diegle and K. Hashimoto,
together is their insensitivity to Cl ion Electrochemical Soc., Pennington, N.J. p.134
attack. We have spcculated that this may be (1988).
due to a cation selective effect which is
induced by phosphate anions in the outermost 4. Sedricks, A.J., "Corrosion of Stainless
portion of the passive film. Increasing Cr Steels", John Wiley & Sons, Inc., New York,
additions enhances this effect. The alloys 1979.
exhibit wider passive potential regions and
lower passive current densities as the Cr 5. Sato, N., Corr. Sci., 27, 421 (1987).
content is increased. A second interesting
property of the Ni-P-Cr alloys is the
composition and chemical make-up of the
passive film. XPS results obtained from the
surfaces of the polish-formed films and
passive films on the glassy alloys show the
polish-formed films to contain Cr2 03, which
is considered by many to be the main
passivating species of stainless steels (4),

however the passive films on the glassy
alloys were observed to contain no Cr20 3 . We
have also employed the same techniques to
examine the passive films formed on
uomparble crystalline counterparts, i.e. Ni
and Ni 10Cr. In general, we observe the
passive films on the crystalline
counterparts to be composed of an oxide inner
layer and hydroxide outer layer. The passive
films formed on the glassy alloys are
composed of a chromium phosphate inner layer
and chromium hydroxide outer layer in the
lower passive potential regime
(approximately -300 to +200 mV(SCE)), and
appear to polymerize into a single phase
chromium hydrogen phosphate film at higher
potentials.

A second portion of the study is
concentrated on examining the passive film
formed on the Ni-2OP-IOCr alloy in both
neutral and basic pH ranges. For this
purpose we chose 0.3M NaCI (pH-5.4) as the
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CORROSION BEHAVIOUR OF COPPER ALLOYS IN
AQUEOUS SOLUTION BY SURFACE AMALGAMATION Table I. Weight Loss (mdd) of coupled

Wen-Lian Chen . and Jiann-Kuo Wu brass-Cu in various solutions

DEPARTMENT OF MATERIALS ENGINEERING 
Testi Brass-Cu Brass-Cu

TATUNG INSTITUTE OF TECHNOLOGY

TAIPEI,TAIWAN 10451.R.O.C. 3%NaC I 7.62 (4.67) -41.0-' (1.91)

In a study of surface amalgamation on 3NaC+ 823 ( 100) 547 ( 503)
the corrosion protection of galvanized steel O.ICuCIq
in acid media, it was recently found that
corrosion rate never exceeds 60 mdd.The 3%NaCl+ 3037 (1617) 675 (1986)
problem of corrosion of copper alloys in sea
water has become a topic of considerable

interest with the dealloyed surface layers. . :surface amalgamated for 2 days
Thus, for the corrosion resistance " u:wt gained
enhancement of copper alloyswe also studied ()tcorrosion rate of copper
the corrosion protection of surface
amalgamation by contact between three
commercial copper alloys and a solution
containing a soluble mercury salt(HgC12 ),

The materials used in this study were
brass (Cu 65.OZn 35.0 W/O),bronze (Cu
93.2,Sn 6.3 W/O),Cupronickel (Cu 64,0,Ni
18.0,Zn 17.2 W/O) and electrolytic tough-
pitch copper. Test solutions (3% NaCl add 0-
1% CuCl2 by weight) were prepared from reagent
grade chemical and deionized water. Sample
were amalgamated by immersion in a saturated
mercuric chloride solution for 1 day and
2 days respecti-ely. The average Table 11. Weight loss (mdd) of coupled

corrosion rates of these uncoupled specimens Cupronickel-Cu in various solutions

and simple galvanic cell (Brass-Cu, Bronze-Cu
and Cupronickel-Cu ) after 168 hr in aerated Test Cupronickel-Cu Cupronickel'-Cu

3%NaCI, 3%NaCl+O.ICuCI2 and 3%NaCl+I.OCuCI2  Solution
determined. The galvanic current densities
for coupled alloys in various solutions also 3%NaCl 10.5 (12.4) 651 ( 48

recorded.
The corrosion rates of most uncoupled 3%Nacl+ 336 ( 787) 841 ( 481)

surface amalgamated copper alloys immersed in 0.%CuCl2
various test solutions is not improved. But
the corrosion resistance of coupled 3NaCl+ 2098 (24061 -13" (42361

surface amalgamated brass and cupronickel 12OCuCl2
show excellent improvement. This is
consistant with the surface of metal :surface amalgamated for 2 days

amalgamates with brass and cupronickel. *I:wt gained
making them more noble . The partial ():corrosion rate of copper

resaults are listed in Table t and 2.
Changes in morphology of surface amalgamated
alloysd and corrosion products were
examinated by scanning electron microscopy
and X-ray diffraction.

REFERENCES

111 F. A. Calvo. E. Otero and A. Pardo,

Br.corros. J., Vol.22 No.3. pp
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The microstructures of the cold worked and annealed Ni3AI,
AQUEOUS AND STRESS CORROSION and the surface morphologies produced by exposure to the

BEHAVIOR OF DUCTILE Ni3AI test electrolytes, were studied using standard metal-
Iographic techniques.

D. E. Hall, R. E. Ricker and J. L. Fink
Corrosion Group Stress Corrosion Studies

Institute for Materials Science and Engineering The stress corrosion cracking (SCC) resistance of cold
National Bureau of Standards worked and annealed Ni3AI was evaluated by conducting

Gaithersburg, MD 20899 slow strain rate (SSR) tests at a crosshead speed of 2.54 x
10-8 m/sec. The Ni3AI specimens used in these experi-
ments were 0.076 cm thick with a gauge section 2.54 cm

INTRODUCTION long and 0.3 cm wide. The electrolytes were contained in a
polyethylene vessel sealed at the bottom with a silicone

Nickel aluminide, Ni3AI, is a promising structural material sealant and open to air at the top. Only the specimen, the
because of its high strength. However, polycrystalline Ni3AI container and the sealant contacted the electrolyte. The
is intrinsically brittle, especially at low temperatures, load and stroke were monitored and recorded by computer
Recently, the ductility of polycrystalline Ni3AI has been and the fracture surfaces were examined in a scanning
improved by controlled microalloying with boron. This electron microscope (SEM).
important development has increased interest in Ni3AI and
derivative alloys for high temperature applications such as
gas and steam turbines, and casting molds for Al and glass, RESULTS
as well as low temperature applications such as forging
dies and oil and gas well fittings. Ni3AI is also being Aqueous Corrosion
studied as both a matrix and reinforcing material in metal In all electrolytes, the open circuit potentials (Eoc) of both
matrix composites. cold worked and annealed Ni3AI were between those of N

and Al, as shown in Figure 1. In each case, the alloy E0-Published information on the corrosion of Ni3AI and values were close to the Ni values, indicating that the alloy
derivative alloys is limited (1,2). As a result, this investiga- behavior at open circuit was dominated by Ni surface
lion on the aqueous and stress corrosion behavior of Ni3AI species. In 0.5 M Na2SO 4 , where both parent metals are
was conducted, passive, the influence of nickel on the alloy open circuit

potentials was relatively less than in the other electrolytes.

EXPERIMENTAL Voltammetric behavior of the alloys was also very similar to
that of Ni. In 0.5 M NaOH, for example, the peaks charac-

Aqueous and stress corrosion studies were carried out in teristic of Ni valence transitions were aso clear!y observed
0.5 M solutions of NaOH, NaCI, Na2SO4, and H2SO4. on Ni3AI (Figure 2.) In 0.5 M NaCI. the current rise indicat-
These electrolytes represent conditions of high nickel and ing breakdown of the passive film began at essentially the
low aluminum corrosion resistance (NaOH), pitting of both same potential on Ni and Ni3AI (Figure 3). No current was
parent metals (NaCI), passivation of both parent metals observed on Ni3AI corresponding to the film breakdown on
(Na2SO 4), and possible hydrogen embrittlement with low Ni Al at about -0.7 VSCE.
and Al corrosion resistance (H2SO 4 ).

Despite nearly identical Eo, and current-voltage cnarac-
Nickel aluminide specimens were IC-50 alloy, containing teristics, the cold worked and annealed Ni3AI electrodes
86.8 w/o Ni, 11.5 w/o Al, 1.4 w/o Hf, and .018 w/o B. experienced different modes of attack In 0.5 M NaCI, for
received from Oak Ridge National Laboratory. The alloy example, large, separate c -jar pits developed on the cold
was studied in both the cold worked and annealed worked alloy. The annealed alloy, however, developed a
(1100C, vacuum) conditions, high etched surface characteristic of grain boundary attack.
Aaueous Corrosion Studies Stress Corrosion Crackino
Electrodes for aqueous corrosion studies were made by The results of the slow strain rate tests are given in Tablo i
embedding 1.25 cm x 0.076 cm alloy specimens in epoxy The data indicate that the strain to failure in all of the
resin. For comparison studies, high purity Ni and Al aqueous electrolytes is lower than that observed in air. The
electrodes were made similarly. All electrodes were decrease in strain to failure, however, is not very significant
polished to a 0.05 am finish, then washed in ethanol and except in 0.5 M H2SO 4. In that electrolyte, both the strain to
double distilled water immediately before use. failure and the maximum I isile stress are greatly reduced,

and the magnitude of this reduction as a percentage of the
Each electrode was inserted into a cell containing a Pt air values is much greater for the annealed matenal.
counter electrode, and an SCE reference electrode in a
capillary with a porous glass tip. The open circuit potential Examination of the fracture surfaces generated during the
was recorded vs. time until a steady state value or a drift slow strain rate tests in air showed a dimple fracture
rate of no more than a few mV per hour was reached. morphology indicative of ductile fracture processes. with a
Cyclic voltammetric sweeps were then made at 5, 20, and few small regions of intergranilar separation. The fracture
50 mV/sec over the potential range between the anodic and morphology was essentially the same in the aqueous
cathodic limiting processes. Steady state voltammograms electrolytes, with the exception of sulfuric acid In 0 5 M
were recorded. H2SO4, the fracture surface was almost entirely

intergranular with numerous secondary cracks
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Figure 3 Cyclic voltammograrns of Ni, All and annealed
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Table 1: Results of the slow strain rate tests on cold
0 worked (A) and annealed (B) Ni3Al in air and

-2.0 A-0.5 M solutions.
i NINCW NI3AJAWo Al

A- Cold Worked NiAj

SapeEnvironment ti tf/tf %ft Ratio

(hrs.) (%) (Mpa) (%)

Figure 1 Open circuit potentials of Ni, Al and both cold AirO 1.95 490.4 123 103.9

worked and annealed Ni3AI in the tour test H2SC4 18.77 77.5 1300 101.4

electrolytes. NSDSO 19,37 81.1 1307 101.9

NaOH 18.84 77.8 1283 100.0

Environment tt It/ti auts Ratio
(hrs.) N% (MPa) N%

Air 135.08 100.0 1851 100.0
H2SO4 9.34 6.9 1256 68.6

eNaCl 107.16 79.3 1821 98.4
Na2SO4 92.65 68.6 1845 99.7
NaOll 94.71 70.1 1828 98.7
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Figue 2 Cyclc vltamogrms o Niand nneledUniversity of Tennessee. Knoxville, TN, (1987).
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AN XPS STUDY OF THE ANODIC BEHAVIOR MoO(OH)
2 

species. It was experimental1ly

OF PURE Mo AND Mo IN STAINLESS STEELS determined that soluble molybdenum chlorides

were not responsible for the transference of
Y. C. Lu and C. R. Clayton Mo to Cr.

When Mu was mounted with iron and
Dept of Materials Science and Engineering polarized at 250 mV, Mo was seen to

State University of New York at Stony Brook passivate apparently as a result of ferrous

Stony Brook N Y 11794 molybdate precipitation. It would appear

that the precipitated layer of FeM 14

crtated a barrier between the underlyic
2

Variable angle XPS was employed to Mo + species and water which stifled the

detect the nature of passive and transpassive reactions. In similar way, 'In

transpassive films formed at specified in a stainless steel is prevented from

potentials on Mo in deaerated 0.1 M HCl. forming transpassive products at 250 my,
Molybdenum is passive between -396 mV and because of the formation of an Fe rich film

125 mV(SCE). The passive films were found to which prevents water from reacting further

be comprised of MoO 2 and Mo(OH)2. The with the Mo species. The resulting formation

transpassive product of molybdeum is a ann tablization of a solybdate species in

mixture of MoO, MoO(OH) 2 , Mo205 and MoO 3 .  the outer regions of the passive film formed
HMoO

4  
was observed as a dissolution on stainless steel is then able influence

product.(1) Molybdenum appears to bf present ion transfer through the passive film by way

as hydrated MoO2 ,Mo(OH) 2 , and MoO 4  - in the of its cation selective characteristics.

passive films formed on the molybdenum In summary, when Mo is polarized in 0.1

bearing alloys in the same solution. Even in M HC1 at -180 mVit will react with water

the potential region corresponding to the through a three step reaction to for. Mo
4 -

transpassive region of pure Mo, no which subsequently dissolves into the

transpassive products of molybdenum were solution. In the presence of Fe, Cr or Ni

observed. It was proposed 1hat in the metal cations , an insoluble mo ybdatt,

molybdenum bearing alloy, Mo04 - anions Ire precipitate will be formed. This molybdate

formed in the solid state along with Cr0 4 

-
, precipitate layer may hinder the

which together are responsible for transpassive reaction of molybdenum by

producing, in 0.1 M HCl , a bipolar film preventing water frm reacting further with

consisting of a cation selective 2outer layel the underlyine Mo
+ 

species to generate

containing Cr04 - and MoO
4
2- and an transpassive products.

intrinsically ani on selective inner layer. In an acidic solution containing

The ion selective property of this duplex chloride, molybdenum may dissolve as

film is considered to be largely responsible molybdate and transfer through the solution

for the development of an interfaclal to the adjacent chromium surface, where it

chromium oxide barrier and resisting CI- and is adsorbed at the chromium surface. Soluble

OH- ingress. Both of these properties molybdenum chlorides, MoC1 5  
and 'loCl

4  
, are

provide greater resistance to breakdown of not responsible for the transference of

passivity in C- ion media.(2) molybdenum through the solution.

On comparing the difference of the

anodic behavior between pure Mo and the Acknowledgement

alloying Mo in stainless steels, the This work was supported by the Natio nl

following questions have to be answered. Science Foundation under Grrant No. R4IRQ73

(I) Why are MoO4

2
- oxyanions only (admini stered by Dr. RBruce c )onld I th,.

detected in the passi ve films formed on VS Flectron Spectrometer and I OC- 1,i (nt,

stainless steels and not in those formed on System were acquired from NSF equi pment

pure molybdenum ? awards DMR 7718319 and DIIR 8117321.

(2) WhaL causes Mo to stop forming The authors would like to thank Dr Hugh

transpassive products in the stainless Isaacs of BNL for volsable discussions and

steels at potentials corresponding to the for providing us with the Stonehart lodel

transpassive region fr pure Mo? K 1200 potentiostats used in some of the

(3) How does MoO 4  - form 7 experiments.

(4) Is MoO 2- transference and Reference
redeposition possitle ?

To study the mechanism of MoO 
4  

I Y.Y. C. l,u and C'. R. Cl yto , orro .

formation, XPS was used to examine the Sci. (Submitted).
surface species formed on pure Mo following

anodic polarization in 0.1 M HCI solution at 2. C. P. C usc) o and Y. I. I u, J
-1 80 mV(SCE) for 1 hour under the influence tler t ochem ical 1 oc.,133, 2465, (1 10

of Fe or Ni cations(3). The source of the
metal cat ions was an independently 3. C. R. Clatton anI Y. C. Lv1, C orr .

anodically polarized electrode of pure Fe or Scl.,(Suhmitted).

Ni brought into close proximity to a high

purity Mo electrode. It was found that in

the presence of Fe and Ni cations , Mo was

observed by XPS to produce a fsin lar passive

film, but in addition, MoO 4  
was detected

on the exterior surface. However, when Cr
was a olarized in the vicinity of Mo, no

MoO
4 

- was observed to form on the film of

Mo. This was expected due to the low Cr

cation flux generated by the passive Cr.

However, the surface of the Cr passiv 5 
film

was observed by XPS to conl n MoO
4  

- and
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Effects of Temperature on the Corrrosion

Resistance of N Bearing AL6X Stainless

Steel

K.G. Martin, Y.C. Lu and C.R. Clayton*

Department of Materials Science

and Engineering

State University of New York at

Stony Brook

Stony Brook, New York 1t794

ABSTRACT

XPS and electrochemical analysis have

been used to determine the nature of the

influence of N addition to AL6X stainless

steel as the solution temperature is

iaised. In our studies on the pitting

behavior of AL6X (0.042 wt% N) and AL6XN

(0.19 wt% N) in deaerated 2M NaCl + O.lM

HC1 between 220 and 45
0

C, it was observed

that the higher N steel exhibited higher

breakdown potentials than the low N steel

as the temperature was raised. XPS

analysis of the passive films formed after

10s at OmV, at 220 and 45°C was performed

and from this data it can be seen that some

compositional differences occurred. At

22
0

C, the high N alloy produces a passive

film with approximately 50% more Cr and Mo

compared to the low N alloy. At 45
0
C, the

higher N steel generated a passive film

which had approximatley 12% more Cr and 25%

more Mo. The underlying substrate

composition showed little variation in Cr

and Mo with increase in N content and

temperature of the electrolyte. However,

in each case it is apparent that Cr and Mo

is enriched by approximatley 50% relative

to Ni and Fe, compared to the bulk

composition. Ni was generally found to be

depleted in the substrate by at least 50%.

It was also apparent that 0.042 wt% N is

not an insignificant alloy additioa, since

it is clearly anodically segregated and is

present as a nitride, and as NH 3 
and NH 4

+

in the passive films at 220 and 45
0
C.
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Mineralogical Issues in Long-Term oThe observations on the nails indicate the presence

Corrosion of Iron and Iron-Nickel Alloys of wstite, which has also been observed in the buried
portion of the iron pillar of Delhi(4).

A.C. Van Orden The observations on the meteorites contain two

National Bureau of Standards interesting points. First, the corrosion products

Gaithersburg, MD 20 899 contain a very large amount of akageneite, a very
rare mineral corresponding to 9 -FeO0H, and the

and corrosion products are enriched in C1- over normalantarctic ice by a factor of about 100. These

M. B. McNeil observations are discussed and their implications for

Naval Coastal Systems Center nuclear waste conjectured.
Panama City,FL 32407 It is shown how the presence of wustite can be

rationalized in terms of its metastability and how,
although the presence of akageneite is much less well
understood because of lack of thermodynamic data

Demonstration that a metallic container will and the fact that the mechanisms of the reactions
remain intact over a period of 300-1000 years, as which produce and consume it are conjectural, the
required by the NRC regulation 10 CFR 60, requires observations on meteorites can be rationalized on the
reqire byhees NR reelaon10e CR f , rv iry basis of reasonable assumptions concerning the
that schemes be developed for convincingly thermochemistry of the Fe/02/H 2 0 system and the
extrapolating short term test results over very long mechanisms of various alteration reactions. The
periods of time for any alloys being considered for
high level nuclear waste overpacks. Validation of implications of the work for the projection of long-

term behavior of nuclear waste containers is discussedextrapolation schemes for geological phenomena for in terms of trajectories on Pourbaix diagrams
such time periods is often done through the study of modified by the inclusion of metastable phases.
existing "natural analogues;" i.e., systems which have
reacted under fairly well known conditions for REFERENCES
appropriately long times, and it appears necessary to I. Sharland, S.M. et al., "Chemical Perturbations in
extend this technology to corrosion extrapolation, the Disturbed Zone of a Nuclear Waste

Prediction of very long term corrosion behavior of Repository," Materials Research Society Annual
buried objects in general requires taking into account Meeting, Bston, 1997.
that the corrosion processes themselves alter the local 2. Van Orden, A.C. and McNeil, M19., 'The
conditions. Recent work by Sharland and the other Archaeological Data Base Relevant to the Long-
members of the Harwell group (I) has analyzed Term Corrosion of A-216 Mild Steel," Materials
corrosion processes in terms of trajectories on Research Society Annual Meeting, Boston, 1987.
Pourbaix diagrams and appears to offer the prospect 3. Buchwald, V.F. and Clark, R.S., "Chlorine-
for using short-term corrosion tests to project Containing Akageneite and the Corrosion of Iron
corrosion behavior over very long periods. Meteorites in Antarctic Environments," to appear

A corrosion analysis or model can be validated only
by comparison of its predictions to experimental 4. American Mineraiogis6
observations, (in the case of 300 to 1000 year e 10761-770 (1970).
corrosion, natural or archaeological analogues), and
the purpose of this paper is to present the present
state of knowledge in two areas where there are data
on natural/archaeological analogues which appear
relevant to high level nuclear waste containers and to
comment on the use of this technique as a check on
Sharland-type analyses.

Two different classes of materials are considered
here: essentially pure iron, which is an analogue to
the carbon steel design overpacks for the salt and
basalt sites (on which work has been suspended at
present), and iron-nickel alloys, which are the best
analogues available for some of the alloys being
considered on the tuff site. There are a number of
sources of data on corrosion of iron over
archaeological times; the data used in this paper (2)
are from the recent National Bureau of Standards
work on Roman iron nails for Inchtuthill in Scotland,
which can be dated fairly precisely to about 70 A.D.
and whose method of production is understood. The
only available source of natural-analogue data on Fe-
Ni alloys is the corrosion of meteorites. The data
used in this paper are those collected by Buchwald and
Clarke on antarctic meteorites (3).

The corrosion rates of both the nails and the
meteorites show great variability (due to local
variability of environment) and so are not considered
specifically. What is examined is the question of the
mineralogy of the corrosion products, since the use of
Pourbaix diagrams makes it possible to make fairly
clear statements about what phases ought or ought
not be present.
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LOCALIZED CORROSION AND STRESS CORROSION REFERENCES
CRACKING OF AUSTENITIC CANDIDATE MATERIALS
FOR HIGH-LEVEL RADIOACTIVE WASTE DISPOSAL 1. Asphahani, Matls. Perform.
CONTAINERS: ANALYSIS OF DATA 12 (Nov. 1980) 9.

W. G. HalseY, J. C. Farmer, R. D. McCright, 2. Hodgkiess, Rigas, Desalination
R. A. Van Konynenburg, and D. B. Bullen, _44 (1988) 283.
University of California
Lawrence Livermore National Laboratory 3. Scarberry et al., Corrosion/79,
Livermore, California 94550 Paper 245.

4. Furuya et el., R-D Kobe Seikosho
Three austenitic alloys, 304L, 316L and 825, Gijutsu HokokU 33 (Jan. 1985) 43.
are being considered as candidate materials
for fabrication of high-level radioactive
waste co,,tainers. Waste will include fuel 1600
assemblies from reactors, as well as T. dgkess s. Rig".snabn4198)283.
borosilicate glass forms, and will be sent 1400
to the Yucca Mountain site in Nevada for
disposal. The containers must maintain a 1200
mechanical integrity for 50 years and 10
substantially complete containment for
300-1000 years. Radioactive decay of the Bo0
radionucleides will result in substantial
heat generation and fluences of gamma 60
radiation. Materials may undergo any of -

several modes of degradation in this 400

environment, including atmospheric 200 
oxidation, uniform aqueous phase corrosion, S
pitting, crevice corrosion, sensitization 0
and intergranular stress corrosion cracking
(IGSCC), and transgranular stress corrosion -200 (pH.7.58.3)

cracking (TGSCC). This paper is an analysis 4
of relevent pitting, crevice corrosion, and Ecorr E Ec-Ecorr
stress corrosion cracking (SCC) data.

RESULTS OF SURVEY
Fig. 1. Comparison of the resistances to

For example, Asphahani has found that all pitting of 316L and 825.
austenitic candidates undergo pitting and
crevice corrosion in chloride containing
environments (1). However, 825 has the 2.S--
greatest resistance to these forms of nlckness of Socimen z. 34S

localized attack (2,3). Hodgkiess and 20
Rigass have measured the corrosion an.
pitting potentials in aerated sea water and
have found that the resistance to pitting of
825 is greater than that of 316L (2). 0 Gama- Ray adis
Resistance to pitting is quantified as the - Dost.10(7)Rhr
difference between the pitting and corrosion 1.0- DowRa

potentials, Ec-Ezorr (Fig. 1). Scarberry et a
al. has found that 825 is more resistant to . 0S
pitting than either 300 series stainliss N eIrradiation
steels such as 304 and 316 (3). Asphahani et
al. also found that both 304L and 316L are 0.04 1
susceptible to SCC in acidic chloride media. Fumya.R-0 KoeSeikoGijt HOk 3(195) 43
In contrast, they found that 825 does not
undergo SCC under comparable conditions (1). 0.0
Furthermore, gamma irradiation has been 0 10 20 30 40 50 60 70
found to enhance SCC of 304 and 304L nme(day)
stainless steels, but has no detectable
effect on the resistance of 825 to SCC (4).
The effect of gamma irradiation of Fig. 2. Effect of gamma irradiation on SCC
sensitized 304 is illustrated in Figure 2. of sensitized 304 stainless steel.
Microbial induced corrosion effects have
been observed for 300 series stainless
steels. Fortunately, nickel-based alloys ACKNOWLEDGEMENTS
such as 825 seem to be immune to such
problems. This analysis indicates that the Dennis Fleming is thanked for preparation of
candidates should be ranked according to the text and figures. This work was
their resistances to localized corrosion end performed under the auspices of the United
SCC as follows: 825 (best) > 316L > 304L States Department of Energy by Lawrence
(worst). Livermore National Laboratory under Contract

Number W-7405-ENG-48.



Abstract No. 149

"An Investigation of Low Temperature Sensitlzatiori below 0.13. The derlvation of each component of

(LTS) In AISI 316 Stainless Steel" equation (1) as well as the exteasion of the model to

the low temperature regime have been published

Mary C. Juhas and Bryan E. Wilde elsewhere 14]. The assumptions of the model are based

The Ohio State University on growth of a stable carb~de which nucleated in the

Fontana Corrosion Center normal serisitizatioi temperature range. The growth

116 W. 19th Avenue stage of carbides at (WI temperatures is modeled by

Columbus, Ohio 43210 the appropriate selection of the apparent diffusivity
of Cr in the matrix and along high diffus.ty paths

Type 316L stainless steel (SS) Is among several 112.131.

alloys which are being extensively characterized as The value of m in equation (i) is typically 20 nm.

possible containment materials for high-level nuclear The nose of the TTS curve moves to the left as the

waste. The current reference design for the container value of m decreases, as shown in Figure 2. Figure 3

is a seamless cylinder to which a lid is welded shows TTS curves generated for the 4 experimental

forming a permanent seal. Because post weld hea alloys of compositions shown in Table I. The cooling

treatment Is impractical in this situation, the heat curve to the left of the TTS curves represents the

affected zone (HAZ) may be susceptible tr nucleation thermal cycle used to simulate the weld

intergranular corrosion and possibly intergranular (HAZ) 0.6 cm from the fusion line. While the model

stress cracking in the event of Intrusion by an sucessfully predicts that decreasing the %C or

oxidizing medium, increasing the %N retards sensitization, it is

The combination of the weld thermal cycle an Irportant to recognize that the TTS curves derived

prolonged exposure (more than 100 years) in the 200 C from the model represent isothermal heat treatments.

temperature regime renders the HAZ potentia!! If stable carbides are able to nucleate In the short

susceptible to Low Temperature Sensitization (LTS). term exposure of a weld thermal cycle, It is apparent

Figure 1 shows a schematic representation of the '- that the model must be adjusted to account for very

step thermal treatment irIch produces LTS; th, small m values.

nucleation stage, ahead of the nose of h- typical In this study, specimens have been exposed to a

time-temperature-sensitzation (TTS) curve (550 - HAZ simulation using the Gleeble. A peak temperature
800 C), followed by the long-term isothermal hold of 9000C was maintained for 5 seconds, followed by a

below this temperature range. Stable Mi C carbidQ.. cooling rate of 7 &/s to 690 8, 5 
8

'second from 690 0

have been shown to grow as a result of InIs combin, to 490 C, and flnall free cooling to room

heat treatment 11,21. The classical TTS curves are tempeiatur. After the nucleation stage. specimens

often reported based on electrochemical tpsts or were heat treated at either 300 ? 350 3 or 400 e for

thermodynamic models. Is both cases, the orateriai i 50, 500. 1,000, and 2.000 hours. The popular "LTS"

considered to be "sensitized" when the grain boundar', heat treatment of 24 hours at 500°C was also used.

carbide has grown to the extent of substantial r Carbide growth was detected by the 2

depletion in the adjacent area (<0.13 mole fractX,.:, electrochemical tests mentioned above. The results of

Cr). At this point, the carbides are usually visible these tests, in relation to the model predictions will

using conventional electron microscopy techniques aId be discussed.

the material is susceptible to lntergranular corrosici, References

in typical laboratory screening tests 131. '11 2,1.J. Po\ich. Corrosion, 34, 1978. p. 60

In contrast, LTS arises from a seemingly 121 I.I.J. Povich and R. Rao, ibid, p. 29.

innocuous situation, The short, high temperature 131 ASTM A-262 Practices A-E.

excursion provides ample time for stable nucleation in [4; T.A. Mozhi. M.C. Juhas, B.E. Wilde. Scripta

alloys of relatively high carbon content. The present Met.,
2

l, 1987, p. 1547.

Investigation involves the study of the effect of [35 A.P. Majidl and M.A. Streicher. Corrosion,40,

systematic variations of carbon and nitrogen on the 1984, p. 584.

LTS behavior of AISI 316 SS. A thermodynamic model 161 C. Stawstrom and M. Hillert, J. Iron Steel Inst.,

has been developed to determine the time-to- 207, 1969, p. 77.

sensitization In 4 alloys at temperatures similar to 17) r.S. Tedmon, Jr., D.A. Vermilyea. and T.l.

those expected in the repository 141. Two Rosolowski. J. Electrochem. Soc., 118. 1971. 192

electrochemical tests are used to corroborate the (SI R.L. Pullman, Acta Met., 30, 1982. p. 1407.

model predictions; the electrochemical potentlokinetic 191 E.1L. Hall and C.L. Briant, Met. Trans., 15A,
reactivation (EPR) test 15) and the boiling ferric 1984. p. 793.

sulphate (ASTM A-262-B) weight loss test. 1101 T.A. Mozhi. W.A.T. Clark, K. Nishimoto, W B

The thermodynamic model is based on previous Johnson, and D.D. McDonald. Corrosion. 41, 1985.

theoretical models for 304 SS in the 500 2850 ? range 1i1 T.A. t[ozhi. H.S. Betrabet, V. Jagannatha B.2.

16-Il1. The time to sensitization is calculated using Wilde, and W.A.T. Clark, Scripts Met.. 2. 1936.

the Stawtrom and Hllert equation [61: 112) 7 1. Ptillman. 'Proc. Seminar on Counter Measures
for Pipe Cracking In BWR's', 1, Paper #26, WS

t = M (XOCr 4 'r 
/

4D (0.1 -IS C
P'  

(1) -79-174, EPRI, 1980

C r (131 D Turnbull and R.E Hoffman, Acta Met., 2.1924.

where m is the distance perpendicular to the austenlte
grain boundary where the mole fraction of Cr fails
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Figure I Figure 3 TTS Curves for Experimental

Schematic representation of LTS Alloys Generated by Model &

HAZ Thermal Simulation.
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Abstract No. 150

Nuclear Waste Package Container Corrosion outer diameter, and a cylinder wall thickness of 3.9
in Simulated Salt Repository Environments inches. The wall thickness required to resist litho-

static pressure is 3 inches, leaving an allowance for
Harold J. Cleary corrosion losses of 0.9 inch, A total of about 36,000

packages is estimated to be ultimately needed for the
Columbia General, Inc. first repository using these waste packages designs.

110 N. 25 Mile Avenue Degradation modes that are believed possible for low
Hereford, Texas 79045 carbon steel in the rock salt environment are:

uniform (general) corrosion, pitting, crevice
This paper presents an overview of the program corrosion, stress corrosion cracking, microbial
conducted by the DOE Salt Repository Project to corrosion, hydrogen-related failures, galvanic/
develop a waste package for long-term containment of thermogalvanic corrosion, intergranular corrosion,
high level conmnercial and defense nuclear wastes in a aging reactions and mechanical failures.
geological bedded-salt deposit in Deaf Smith County,
Texas. Although this location has recently been An extensive materials testing program undertaken at
dropped from further consideration as a possible site the Battelle Pacific Northwest Laboratories for the
for the first national repository, a discussion of the Salt Repository Project included immersion testing in
work on corrosion in hot brine environments should be the presence and absence of appropriate radiation
of general interest, levels, testing in solid salt/liquid brine mixtures,

several types of stress corrosion cracking tests,
A brief review of the geochemistry of the environment, localized (pitting, crevice) corrosion tests, hydro-
i luui.i; the S-t lg-phy mJi zomsi-on sf the gen-effects studies, and electrochemical investiga-
rock/salt strata, will be described because of their tions. During the course of this testing program,
importance to corrosion processes. The initial waste geochemical work conducted by the Salt Repository
package conceptual design incorporated low-carbon Office established the existence of high Mg-content
steel (ASTM A216, Grade WCA), which served as the water inclusions in the rock, and it was also demon-
reference material for corrosion studies. Computer- strated that transport of this water to the hot
derived temperature profiles for the steel container container surface can occur due to thermal migration
surface/salt interface were employed to reflect the effects. These findings were of considerable
decay of waste package radiation levels with time. A importance because steel corrosion rates are greatly
scenario of expected corrosion behavior was developed accelerated when high concentrations of Mg ions are
to facilitate planning of corrosion experiments and to present in the brine.
qualitatively anticipate effects of temperature, rad-
iation, pressure (due to salt creep), and geochemical A workshop review of all available corrosion data
conditions on the cuntainer surface/environment from the program was conducted by an independent pael
interactions, of corrosion experts in September, 1986, [Reference

1]. This workshop produced several conclusions and
The basic requirement that must be met by the waste recommendations for testing and design. The main
package container has been established by the U.S. fililings of the panel were the following: (1) because
Nuclear Regulatory Commission: radionuclides of the of the very high (general) corrosion rates measured
nuclear waste must be contained within the waste for low-carbon steel in high Mg brine, further testing
packages for 300 to loo years after closure of the would be required before steel could be recommended as
repository. Low carbon steel was selected early in the container material, (2) testing of alternatives
the program because of its good mechanical properties, materials, including wrought Ni-Cr-Mo alloys (C-276,
ease of fabrication (including weldability), low cost, C-2?, and 625), as well as Cu-30 Ni alloy, should be
and anticipated low susceptibility to localized initiated, and (3) new testing techniques and waste
corrosion in brine environments. When employed as a package designs described in the panel's report should
thick-walled container, steel would also provide some be considered. A discussion of these findings and the
shielding of the radiation emanating from the waste extent of their implementation in the Salt Repository
form. Specific dimensions of the reference container Program will be presented.
designs varied with the different types of nuclear
waste form (defense waste versus assemblies of
connercial spent fuel from pressurized-water or Reference 1: Container Materials for Isolation of
boiling-water reactors). The largest container, Radioactive Waste in Salt. Proceedings of a Workshop,
designed to contain boiling-water reactor fuel held in Columbus, Ohio, September 25-26, 1986.
assemblies, measured 15.8 feet in length by 33.3 inch ANL/EES-TM-339.
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Abstract No. 151

PHASE STABILITY EFFECTS ON THE CORROSION Carbide precipitation was identified in all of the austenitic
BEHAVIOR OF THE METAL BARRIER CANDIDATE candidate alloys. The precipitation of M2 3 C 6 carbides was

MATERIALS FOR THE NUCLEAR WASTE MANAGEMENT predominant in the 304L alloy. Similar precipitation behavior was
PROGRAM noted for 316L with somewhat shorter time periods for the onset of

grain boundary M2 3 C6 precipitation. Insermetallic phase formation

G. E. Gdowski
l
, D. B. Bullen

t , 
R. D. McCright

2
, and W. G. was noted in 316L at relatively long times. These intermetallic

Halsey
2  phases include sigma, chi and Laves phases [5]. Sigma phase

formation was shown to significantly reduce the impact strength of

'Science & Engineering Associates, Inc., 5820 Stoneridge Mall ausrenitic alloys due to its hard brittle microstructure. No

Rd., Suite 100, Pleasanton, CA 94566. intermetallic phase formation was documented in alloy 825
2
University of California, Lawrence Livermore National Very little phase stability data was identified for alloy 825.

Laboratory, P. 0. Box 808L L rc Livermore, CA 9455 The limited data that was found dealt primarily with M23C 6 carbide
precipitation. The M23C 6 carbides that precipitated in the 825 alloy
had varying composition [6]. The chromium and titanium contents

Six candidate materials are currently under consideration by of these precipitates were a function of precipitation time and

the Nuclear Waste Management Program (NWMP) at Lawrence temperature. Increased Ti content in these precipitates limited the

Livermore National Laboratory as potential metal barrier materials depletion of Cr near the precipitate and preserved the corrosion

for high-level nuclear waste storage. The waste package, which resistance of the alloy. Speculation about the possibility of

must meet the Nuclear Regulatory Commission licensing "submicroscopic" sigma phase precipitation in alloy 825 was noted

requirements for the Nevada Nuclear Waste Storage Investigations [7]. However, no data was identified to substantiate this claim.

Project (NNWSI), will contain spent fuel from civilian nuclear Considering the effect of phase stability only, the following

power plants (PWR and BWR fuel assemblies), commercial high ranking of the austenitic candidate materials is proposed: Alloy 825

level waste (CHLW) in the form of borosilicate glass containing (best) > 316L > 304L (worst). This order is based on the fact that

commercial spent fuel reprocessing wastes and defense high level alloy 825 is a stable austenite at all temperatures. The only

waste (DHLW) contained in borosilicate glass. The waste package documented precipitation noted for alloy 825 was the formation of

is being designed for emplacement in the unsaturated zone above the M23C6 carbides. These carbides, which had varying Cr content did
water table at the Yucca Mountain site in Nevada. This location not appear to significantly affect to corrosion resistance of the alloy.
should result in a slightly oxidizing repository environment. The 316L stainless steel is susceptible intermetallic phase

The Metal Barrier Selection and Testing Task is responsible formation including the formation of the sigma phase. Sigma phase

for the selection of the materials to be employed in the waste formation can result in significant degradation in the mechanical

package container. The candidate materials include three iron to properties of the alloy. The 316L alloy was also affected by M23C 6

nickel-based austenitic materials and three copper-based alloy carbide precipitation which could deplete Cr near the precipitates and

materials. The austenitic materials are AISI 304L stainless steel, promote grain boundary attack.

AISI 316L stainless steel and alloy 825. The copper-based alloy The 304L stainless steel also exhibited significant M 23 C 6
materials are CDA 102 (OFHC copper), CDA 613 (Cu-7A1) and carbide precipitation which could result in grain boundary attack.

CD! 715 (Cu-30Ni). The selection of the final metal barrier This alloy is also more prone to martensite formation than 316L

material is dependent upon the expected behavior of these materials stainless steel.

in the repository environment An analysis of the data in the literature with respect to the

The design criteria for the metal barrier require that the waste phase stability of the copper-base candidate materials (CDA 102.

container maintains mechanical integrity for a period of CDA 613, and CDA 715) notes that all the candidate materials are

approximately 50 years after emplacement to permit retrieval of the single-phase to at least 300'C. There is a proposed two phase

nuclear waste (if desired) during the preclosure phase of repository region for CDA 715 at temperatures less than 200'C as shown in

operation. The engineered barrier system is required to provide Figure 2 18], but constituent diffusion rates [9] are so slow at the

substantially complete containment of the waste for a period of up to expected repository temperatures that a phase transformation does

1000 years. The metal barrier is part of the engineered barrier not appear likely
system. During the containment period, the metal barrier will be Iron migration in both CDA 613 and CDA 715 may be a

exposed to a varying environment. A few years after emplacement potential source of mechanical degradation of these materials. The

the surface of a representative spent fuel waste package container mechanical properties rely on small iron particles being uniformly
will reach a maximum temperature of about 2500C due to decay heat dispersed throughout the bulk I 10]. Calculations indicate that the
from the high-level waste. This temperature will drop to about iron diffusion length should be small under the expected repository
150°C within approximately 100 years following emplacement. conditions [11-14), but it is not known what the potential

This time period will also include the highest gamma radiation field degradation of the mechanical properties would be even for

from the decay of the high-level waste. The expected temperatures relatively small perturbation of the iron particle distribution.
and radiation fields around CHLW and DILW packages are sedConsidering only the phase stability of the three copper-

and garan t feldste packages based alloys, the following ranking is proposed: CDA 102 (best) >
less than for spent fuel waste packages. CDA 613 = CDA 715. CDA 102 is ranked first because it is

The phase stability of the metal barrier material during the e na 613 = a is nke h ese it is

containment period will impact the mechanical and corrosion essentially pure copper and is single phase. CDA 613 and

properties of the container. Changes in the microstructure can result CDA 715 are also known to be single phase at high temperature,

in considerable reduction in the fracture strength of the container but they are ranked lower than CDA 102 for two reasons. I) There

material. Precipitate formation, such as carbides at grain boundaries may be an unknown phase transition that occurs at the expected

in the austenitic materials or intermetallics in the copper-based repository temperatures after extended rime periods. 2) Iron

alloys, can modify the local alloy composition resulting in migration may occur in the bulk and cause mechanical degradation.allyscanmodfy he oca aloycomosiionresltig n Preliminary calculations indicate that these effects may not be
conditions favorable to intergranular corrosion and stress corrosioncracking. critical, but more extensive modeling is suggested.

Analysis of the data available in the literature with respect to

SUMMARY OF RESULTS phase stability of the candidate materials at repository relevant
conditions has identified alloy 825 as the superior austenitic alloy
and CDA 102 as the superior copper-based alloy. Both alloys are

An analyss of the data in the tchnical literature with respect single phase mat
to phase stability of the austenitic materials noted significant data erials over the entire temperature rsnge from solidus
dealing with phase stability in the stainless steel alloys. The 304L to room temperature. Other factors besides phase stability win also

influence which material is eventually selected for fabricating nuclear
and 316L, which are located near the 

4
-y, a+-o, and 4-t+o phase waste containers.

fields of the Fe-Ni-Cr ternary phase diagram in Figure I [ 1], were
identified as metastable materials at repository relevant conditions,
Metastability was defined as nonequilibrium phase formation due to
kinetic limitations [2,31. In the 304L and 316L stainless steels, the
diffusion processes that permit preciptsation are severely limited at
low temperatures (T < 600°C) (41.
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Abstract No. 152

A Database for Reviews and Evaluations The automated system is designed to store and quickly
of High-Level Waste Documents retrieve pertinent reports on relevant topics using a

set of keywords that are structured into the four
major categories of th4 technical reviews: Technical

C. G. Interrante, C. Messina, and S. A. Harrison Description of the Report, Environmental Factors of
National Bureau of Standards, Gaithersburg, MD 20899 the Test, Materials Tested (metallic, non-metallic,
An automated storage and retrieval system that uses a radioactive, environmental), and Properties and
commercially available database management system Failure Modes Studies. The major categories are
(DBMS) has been developed to serve as a data index divided into 25 sub-categories that facilitate the
for high-level waste (HLW) reports and as a database storage and retrieval processes, which presently
containing NBS evaluations of HLW reports. The involve the use of about 3DD keywords.
evaluations are critical reviews of reports,
generated mainly by the Department of Energy (DOE), In addition to the normal searches of bibliographic
on topics related to processes iivolved in the information, the search capability is extended to any
degradation of the engineered barrier system designed other aspect or all other aspects of the technical
to contain-and control the release of radionuclides review, such as the "uncertainties in the data" or
contained in waste packages to be placed in a the "general comments of the reviewer." These
repository for HLW. The intention is to use this alternative searches are intended to be used after an
system within the framework of the capabilities of a initial cut of the existing database is made usina
personal computer. The data can be accessed with a the keywords *, fos- attention on a few documents ck
DBMS that operates on no more than 512K of memory. interest. A keyword search, may be followed by a

text search of a specific sub-category before the
All aspects of the PC system are fully functional in much slower search of the full text of the most
respect to the usage of scientific notations, Greek pertinent reviews is contemplated. In this way,
letters and super- and sub-scripts. Thus, on-screen short total search times on a personal computer are
displays, print outs and search strings may contain achieved. This storage and retrieval system for
chemical formulas or proper scientific names. The reviews of HLW documents is expected to be
following example, taken from an NBS review [I] of a complementary to a separate system, under development
paper by McCright, R. D., 1985 (2] is used to elsewhere, for storage and retrieval of the full text
illustrate these aspects of the system: of all HLW documents.

"The authors, rightly, emphasize the fact that the References
major source of uncertainty in the corrosion behavior
of Cu-base alloys in the Nevada repository is the iIl C. Enterrante, E. Escalanre, A. Fraker, M.

lack of information concerning the effect of - Kaufman, W. Liggett, and R. Shull, "Evaluation and
radiation. Some of the experimental results indicate Compilation of DOE Waste Package Test Data: Biannual
that one of tho major consequences of radiation is Report December 1985 - July 1986," NUREG/CR-4735,
H2 0, production, so that the addition of H202 mimics Vol. 1, March 1987.
reasonably well the radiation effects..

[2] R. D. McCright, "FY 1985 Status REport on
Many DBMSs limit the sizes of both the records and Feasibility Assessment of Copper-Base Waste Package
fields used in the database. Each review of a Container Materials in a Tuff Repository", UCID
document is one record in this database, Each sub- 20509, September 30, 1985.
category within the review is a field. The
capabilities of a number of DBMSs were examined [3] C. Interrante, C. Messina, S. Harrison, R. Shull,
during the period in which the requirements of a M. Kaufamn, U. Bertocci, and E. Escalante, "An
computer assisted database for reviews and Analysis of the Requirements for a Computer Assisted
evaluations on HLW data were being analyzed [31. At Database for Reviews and Evaluations on High Level
present, the system contains almost 100 reviews of 13 Waste Data,' NBSIR 86-3363 (NRC) (R), June 1986.
fields per review while the largest review has over
21,000 ASCII characters, others may be only a fifth
or a tenth of this size. All of these reviews can be
searched in the full text mode. This requirement for
search of large text fields was only one of sixteen
requirements taken into consideration in the
selection of a suitable DBMS for this application.
The number of reviews that can be contained in this
system is limited by the size of the mass storage
units used with the PC. The theoretical limit to the
number of reviews is 64,000 in one file, but multiple
files can be used if needed.

The principal barriers proposed for use in the waste
package are metal alloys and borosilicate glass, The
technical problems of primary interest in the waste
package involve leaching of the glass, corrosion of
the alloys, transport processes within the waste
package, and modelling efforts aimed at permitting
prediction of long-term behaviors. The reviews focus
attention on the availability of data that are
applicable to the resolution of technical issues that
must be considered in the process of obtaining a
license to build a repository.
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Abstract No. 153

THE EFFECTS OF HYDROGEN ON THE METAL BARRIER tens of parts per million were sufficient to cause degradation of the
CANDIDATE MATERIALS FOR THE NUCLEAR WASTE mechanical properties of all three alloys.
MANAGEMENT PROGRAM Some hydrogen embrittlement studies in 304 showed that the

alloy was less susceptible to degradation at elevated temperatures.
D. B. Bullent, G. E. Gdowski

t
. R. D. McCright

2
, and W. G. In one study [3] no slow crack growth in hydrogen was reported at

Halsey
2
. 170'C. In another study [4), no ductility losses due to hydrogen

were reported at 107'C. There were no reported elevated
'Science & Engineering Associates, Inc., 5820 Stoneridge Mall temperature studies for either 316 or alloy 825.
Rd.. Suite 100, Pleasanton, CA 94566. Modeling the possible deleterious effects of hydrogen will
2
University of California, Lawrence Livermore National require a knowledge of hydrogen solubilities and diffusivities in the

Laboratory, P. 0. Box 808 L-369, Livermore, CA 94550. container material. These properties for 304 and Ni are shown in
Figures I and 2 [5-71. At room temperature solubilities are of the
order of parts per million and diffusivities are of the order of 10 1o

The Nuclear Waste Management Program (NWMP) at to 10
"12 

cm
2
/sec in both materials. There is no data for 316, but

Lawrence Livermore National Laboratory is responsible for the hydrogen solubility and diffusivity in the stainless steel austenites
development of the waste package design to meet the Nuclear are reported to be similar. There is no data for hydrogen in 825, so
Regulatory Commission licensing requirements for the Nevada pure nickel data is presented as a farst approximation.
Nuclear Waste Storage Investigations Prmiect (NNWSI). This The effects of hydrogen on the candidate materials CDA
waste will include spent fuel from civil: tn nuclear power plants 102, CDA 613 and CDA 715 have also been analvzed. There is a
(PWR and BWR fuel assemblies), commercial high level waste significant body of data documenting the effect called "hydrogen
(CHLW) in th form of borosilicate glass containing commercial sickness", which is the reduction of CU2O impurities located on the
spent fu,! reprocessing wastes and defense high level waste grain boundaries [8,9]. This reduction results in the formation of a
(DHLW) contained in borosilicate glass. The waste package is water molecule and a void space which is stabilized by the water
being designed for emplacement in the unsaturated zone above the vapor. The interconnection of these cavities results in significant
water table at the Yucca Mountain site in Nevada. This location degradation of the mechanical properties of the metal and the
should result in a slightly oxidizing repository environment, subsequent brittle failure mode, which is observed experimentally.

The Metal Barrier Selection and Testing Task is responsible This can occur with as little as 22 atomic parts per million (appm)
for the selection of the materials to be employed in the waste oxygen and, in the worst case, with enough hydrogen to titrate the
package container. Six candidate materials are currently under oxygen, that is, 44 appm [10]. Although this is a significant
consideration. These materials include three iron to nickel-based hydrogen concentration, the long term containment re. inerments of
austenitic materials and three copper-based alloy materials. The the repository may result in oxide reduction by radi ' hydrogen
austenitic materials are AISI 304T. stainless steel, AISI 316L or corrosion by-product hydrogen that slowly diffusex ,.,o the grain
stainless steel and alloy 825. The copper-based alloy materials are boundaries of the container material.
CDA 102 (OFHC copper), CDA 613 (Cu-7AI) and CDA 715 (Cu- Tee solubility of hydrogen in copper was documented and
30Nil. The selection of the final metal barrier material is dependent the data were plotted in Figure 3 over the temperature range of
upon the expected behavior of these materials in the repository interest for repository applications f11-13]. The diffusivity and
environment. permeability of hydrogen in copper were also documented over the

The design criteria for the metal barrier require that the waste same temperature range. Theoretical models and experimental
container maintain mechanical integrity for a period of approximately evidence of the trapping of hydrogen in copper and copper-
50 years after emplacement to permit retrieval (if desired) of the aluminum were noted. The detrapping temperatures varied sli,htl,
nuclear waste during the preclosure phase of repository operation. for pure copper (50°C) [141 and the copper-aluminum alloy (II 0'C)
The engineered barrier system is required to provide substantially 1151. Direct application of these models and data to repository
complete containment of the waste for a period of up to (100 years conditions is not suggested since the hydrogen charging and
The metal barrier is part of the engineered barrier system. During trapping methods employed in these studies were very extreme.
the containment period, the metal barrier will be exposed to a There was very little available data on hydrogen effects in the
varying environment. A few years after emplacement the surface of copper-nickel alloy system. The results that were available indicate
a representative spent-fuel waste package container will reach a that the solubility of hydrogen increases with increasing nickel
maximum temperature of about 250'C due to the decay heat of the concentration as shown in Figure 4 [16]. This result, coupled with
high-level waste. This temperature will drop to about 150°C within the lack of data in the literature, suggest that there is probably little
approximately 100 years iollowing emplacement. This time period observable hydrogen effect in the copper-nickel system.
will also include the highest gamma radiation field from the decay of Analysis of the available hydrogen effects data suggests that
the high level waste. This radiation will promote radiolytic alloy 825 and 316L stainless steel may be superior to 304L in
decomposition of water vapor near the container surfaces. The resisting degradation in a hydrogen environment. CDA 715 appears
hydrogen evolved by this radiolysis process has the potential to to be more resistant to hydrogen degradation than CDA 613 and
significantly alter the metallurgical behavior of the container CDA 102. Direct comparisons between the austenitic alloys and the
material. Another source for hydrogen is from the slow copper-based alloys were not attempted. Other factors besides
electrochemical decomposition of water on a corroding metal resistance to hydrogen effects will also influence which material is
surface. The expected temperatures and gamma radiation fields eventually selected for fabricating nuclear waste containers.
around CHLW and DHLW packages are less than for spent fuel
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Recently, the Yucca Mountain tuff site was POTEC
selected as the repository for high level nuclear '-CANSTeR WATERsILM GAS

waste (HLNW) for the United States. Characteristic
features of this repository include that it is a "dry"

environment, in that the containers are not expected s

to be in contact with liquid water but instead will be &H

exposed to moist air, and that the pressure exerted by - I c
the environment on the canisters will be approximately
atmospheric. The paramount consideration in selecting
a container material is that it must be sufficiently

corrosion resistant to provide "substantially etc

complete" containment for a period of no less than 300 H " OH .........

years and up to 1000 years after closure of the
geological repository. In order that this question

can be addressed rationally, it is necessary to
predict how the environment will evolve over a period

of time that is an order of magnitude longer than our o - e-

experience in quantitative corrosion science. .

As part of the Nevada Nuclear Waste Storage
Investigation Project, we have developed mixed ;;.e, sc'e. .eacs.

potential models for predicting the environment redox
potential and corrosion potentials for HLNW containers
in tuff repositories. The models assume that thecontainer is in contact with a thin aqueous layer on

the surface, possibly present as a capillary
condensate in the pores of a corrosion product film
(Figure 1). This water layer is subject to n
and 7 radiolysis to produce electroactive species,
such as H2 0, H202  OH, 0 HO HO H, H+ c

and OH via a mechanism that invoives 31 homoge eous
reactions. Additionally, these nonequilibrium species L
are assumed to undergo charge transfer reactions at 

2 L

the metal surface in addition to the oxidation of the
container material itself. These reactions take place L
such that the total current is zero; the mixed
potential at which this occurs is termed the "redox cc

potential" if the container is not corroded but is the

"corrosion potential" when container oxidation is cc Eo cx ,s

taken into account. The eleven coupled, nonlinear, Tsr

second order partial differential equations that
describe the transport, generation, and reaction of

the radiolysis products within the film are solved

numerically, with the additional constraints that the
film must be electrically neutral at all points and -------

that the temperature and n and y intensities decay
exponentially with time. 'D2

Using estimates for the various kinetic ,,, :

parameters for reactions at the container surface '" -x

(exchange current densities, transfer coefficients, , '

etc.) we have calculated corrosion potentials as a 
c"

function of time for carbon steel, AISI 304L SS, AISI ,01

316 SS, Alloy 825, copper, and copper alloys CDA-102,

CDA-163 and CDA-715. Typical calculations of the
change in corrosion potential for AISI 304L with time - '
are shown in Figure 2 and estimated concentrations of c

the various radiolysis products are displayed in , . -

Figure 3. Generaly, we predict that the corrosion
potential shifts sharply in the positive direction at

short times followed by a slow drift to more positive
values as time goes on. This is attributed to the

competing effects of decreasing temperature
and (0, n) intensity; the former tends to shift the J

corrosion potential in the noble direction while the c o *0 e ,

latter results in a shift in the active direction. riot eC

Apparently, for the parameter values selected in this

study, the effect of decreasing temperature dominates. , . . ' < .,.*"
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Pitting Kinetics of Carbon Steel and Low-Alloy Steel To establish pit growth rates, a device was designed and
Exposed to a Groundwater/Packing Material Environment constructed which could be used to measure the penetration

time of pits propagating through thin-walled specimens
1.B. Lumsden and A.T. Allen mounted in autoclaves. Using this apparatus, pitting kinetics

were determined from penetration times through specimens
Rockell International Science Center with varying wall thicknesses. The specimens were polarized

at potentials, aE , 50 and 25 mV above the pitting poten-
1049 Camino Dos Rios tial. Table I sh~ws the expressions obtained for the time

Thousand Oaks, CA 91360 dependece of pit depth. These relationships have the form
d = at 

.  
Under all conditions, the power of the time

R.L. Fish dpendence is less than one. Thus, the rate of pit growth
decreases with time, indicating that pit-growth will

Westinghouse Hanford Co. effectively cease in materials sufficiently thick.
P.O. Box 1970

Richland, WA 99352 The protection potential, E , the potential below which
pits will not propagate if initiatF, was determined for carbon
steel. Pits were initiated by pulsing the potential above the

Laboratory investigations were conducted on carbon pitting potential, after which it was stepped down to values
steel and low-alloy steel to assess their potential corrosion below E These values were the following:
performance in the hydrothermal conditions that were antici-
pated at the Hanford repository basalt site. The work Epr(100C) = -315 mVSH F
reported focused on obtaining kinetic relationships of pitting
processes. The test environment used was a synthetic Epr(150*C) = -290 mVSHE
groundwater-packing material mixture, which consisted of
75% crushed basalt and 25% bentonite. Measurements were Epr(200*C) = -120 mVSHE.
carried out with specimens in pressure vessels at 50, 100, 150
and 200*C. Before the pressure vessels were sealed, the
oxygen content of the synthetic groundwater was lowered to Table I
less than 50 ppb by sparging with argon gas. Expressions for the Time Dependence of the Pit Depth

(inches) in Carbon Steel and Low-Alloy Steel Polarized
To establish conditions required to initiate pitting, Above the Pitting Potential, aE , and at Various

anodic and cathodic potentiodynamic polarization curves Temperatures
were generated, using an interrupter technique to correct for
ohmic potential drops. Polarization curves were taken after curso.sx FC-.1o
1, 24 and 168 h exposures at open circuit conditions to TI4Ep V-r 2i 50i 25m
evaluate aging effects. Passivation and pitting were observed
at all conditions investigated for low-alloy steel. Carbon 200-C 2.0. 

-
-3 . .. 

-
3,. 4i.7. o

-
3
, .2

9 2... I- .
steel did not passivate at 50*C. However, passivation and
pitting were observed in carbon steel at 100, 150 and 200'C. 1oc 2.0. ,

3 
,.3 t.9 ,

-3
,0.5 9 .. :, ,0.38 2.C • 0 3:."

The extent of the passive range of potentials increased with
exposure time, indicating that the protective properties of iox-c 1.2. 10

-
3 1. .. 1o, t1 7.0. 1, 06o 10. i... 1 .

the passive film increased with aging time.
50-C 10- t". Z_'~

222



Abstract No. 156

Corrosion Behavior of Low Carbon
Steel in High pH Aqueous Media References

Anna C. Fraker and Jonice S. Harris i. Lumsden, J. B., Pitting Behavior of Low Carbon

National Bureau of Standards, Gaithersburg, MD 20899 Steel, BWI-TS-014, August, 1985.

2. Kruger, J., Fundamental Aspects of the Corrosion of

The purpose of this work was to study the corrosion Metallic Implants, American Soc. for Testing and
behavior and localized corrosion susceptibility of low Materials Special Tec. Pub. 684, 107-127, 1979.

carbon steel in simulated ground water at a pH of 9.75

and a temperature of 95 C. These studies were 3. Syrett, B. C., PPR Curves - A New Method of

conducted as part of a program to evaluate materials Assessing Pitting Corrosion Resistance, Corrosion,
for long term nuclear waste storage. The test Vol. 33, 6, 221, 1977.
conditions used in the present study typify those of a
basalt repository in the state of Washington, but 4. Szklarska-Smialowska, Z., Pitting Corrosion of

selected aspects of the results are applicable to low Metals, Nat. Assoc. of Cossosion Engineers, Houston,
carbon steels in other environments of similar TX 77084, 1986.
composition.

5. Westerman, R. E., Haberman, J. H., Pitman, S. G.,
Previous studies of low carbon steel in this Pulsipher, B. A. and Sigalla, L. A., Corrosion and

environment indicated that pits were occasionally Environmental-Mechanical Characterization of Iron/Base

found after testing but stated that pitting would not Nuclear Waste Package Structural Barrier Materials,
develop in repository conditions

1
. In general, pitting PNL-5426, UC 70, 1986.

would not be expected in low carbon steel in aqueous

media due to the absence of surface passivation
z
'
3
'
4  

6. Beavers, John. A. and Markworth, Alan J., Pit

Other reports on corrosion of low carbon steel in Propagation of Carbon Steel in Groundwater, NRC

aqueous media indicated uneven attack over the contract, B-0708, 1987.
specimen surface but did not indicate pitting attack

5
.

Modeling studies
6 

of pit propagation in low carbon
steel showed that pit depth propagation increased with
the presence of inert or nonreactive pit walls. It
has not been determined that sufficient pit depth and
corrosion product accumulation would develop to
produce this protective effect assumed in the model.

The present investigation applied conventional
electrochemical techniques to study pitting
susceptibility of low carbon steel, and procedures and
results are discussed. Testing involved making cyclic
anodic polarization measurements of the A 27 low
carbon steel specimens in Grande Ronde No. 4 water at
a temperature of 95 C. The pH was approximately 9.75.
Some tests were made in Grande Ronde No. 4 water
containing a mixture of 75 percent basalt and 25

percent bentonite. The basalt and bentonite mixture
were to fill one half of the testing flask, but the
bentonite expanded upon becoming wet and the mixture

filled approximately two thirds of the volume of the
flask. The solution and mixture were held at
temperature for one hour prior to inserting the
specimen and beginning the test.

The specimen was placed in the 95 C solution and left
at open circuit potential for fifteen minutes prior to

making the polarization measurements. The
potentiostatic polarization measurements were made by
applying a potential to the specimen at the rate of
0.01 V/ 15 sec. All voltages are in reference to a
saturated calomel electrode (S.C.E.).

Electrochemical measurements indicated that pitting
would not be occurring. Microscopic examination of
corroded specimens indicated overall general uneven
surface corrosion with some shallow local attack in
the ferritic phase. Since the specimen never

passivated, the localized attack was related to
preferential surface sites, and not to the usual

electrode potential difference and current densities
for producing pits of unknown depth and damage. These

results indicate that pitting, as classically defined,
does not occur in this low carbon steel. The overall
general corrosion, thick surface films, and

nonpassivating conditions resulted in limited and

shallow Localized attack. Observations of surfaces

after the thick film was removed revealed preferential
attack in the pearlitic regions.
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High Temperature pH measurements(Table 1)
in Mg

2
' containing brines show a sharp

decrease in pH proportional to MgZ'

additions. This result strongly suggests
CORROSION OF CARBON STEEL IN BRINE: hydrolysis of MgClz leading to a build up

of HCI. The probable equation is:
Mg-' EFFECT

C. Manfredi, S. Kesavan, T.A. Mozhi and MgCl, + Hz0 -- Mg(ON)Cl + MC
B.E. Wilde Linear polarization experiments were

conducted to monitor corrosion rate conti-
Fontana Corrosion Center, nuously over a period of time. Figure 2
Department of Metallurgical Engineering,The hioStat Unverstyshows a typical plot of corrosion rate
The Ohio State University, versus time obtained using linear polariza-
Columbus, Ohio 43210. tion technique. Steady state corrosion

INTRODUCTION rate is reached after approximately 60hours and it is about an order of

Carbon steel has potential as a magnitude lower than the corrosion rate at

candidate material for containment of high the start of the experiment. Table 2

level nuclear waste in permanent shows the steady state corrosion rates
repositories in rock salt. In addition to obtained at 1500C.

large amounts of NaCl, rock salt contains CONCLUSIONS
significant amounts of other chlorides,
especially Magnesium chloride. The The very high corrosion rates found in
increase in corrosion rate of carbon steel brines containing Mg2' ions is due to
in brines containing Mg

2
' ions has been hydrolysis of MgC at high temperatures.

reported previously(l,2). The objective
of the present investigation was to
identify the mechanism which leads to the
observed high corrosion rates of carbon.
steel in Mg

2
' containing brines. REFERENCES

EXPERIMENTAL PROCEDURE 1) JW. Braithwaite and N.J. Magnani,
Scientific Basis for Nuclear Waste Manage-

The material used in this investigation ment, G.J. McCarthy ed., Plenum Press, New
was A 216 grade WCA carbon steel. Anodic York, Vol. 1, p.283,1979.

and Cathodic polarization experiments, 2)R. Westerman, S.H. Maberman, S.G. Pitman
controlled anodic potential current/time and L.A. Sigalla, Annual report FY 1984:
and linear polarization experiments were "Corrosion environmental-mechanical charac-
carried out at 150, 125, 100, 75 and 500C terization of Iron base Nuclear Waste
in saturated NaCl with appropriate teriato ofu ron base Nulerast
Magnesium Chloride additions. The experi- package structural barrier materials',
ments at temperatures above 1000C were Pacific Northwest Laboratories,1984.

conducted in static Hastelloy autoclaves.
A conventional Pyrex glass cell with an
electrical heating mantle was used for
tests conducted at temperatures below
1000C. High temperature pH measurements
were made using a Yttria stabilized
Zirconia tube as the pH sensor.

RESULTS AND DISCUSSION

Figure I shows anodic and cathodic pola-
rization curves at 1000C for A216 carbon
s~eel in saturated NaCI solution with
varying Mg

2
' additions. Anodic polarization

curves exhibit a well defined Tafel
behaviour before the appearance of an

anodic limiting current plateau. It is
clear from the anodic polarization curves
that there is no significant change in the
anodic behaviour of carbon steel due to
Mg' additions to saturated brine. The
observed increase in the corrosion rate
with Mgt

* 
additions is 4ue to a change in

the cathodic Tafel slope. This change in
the cathodic Tafel slope also leads to a
positive shift in the corrosion potential.
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Figure 1: Anodicfand Cathodic polarization Table 1:Results of pH measurements at 1500C

curves at 1000C for A 216 WCA grade carbon in saturated brines containing

steel in saturated NaCi with Mg
2
l varying concentrations of Mg

z ' 
ions.

additions.

SYSTEM ET pH *150
0
C pH 0 R.T.

mV 2 ,'Ag l

A 216 WCA 
Saturated NaCI1 490 4.05 5.7(5.7)

100 NaCl+7K ppm Mg2- 680 1.80 5.8(6.4

NaCl+35K ppm Mg
2
4 690 1.68 4.2(5.4

NaCl+70K ppm Mg2 780 0.60 3.4(4)"

"F" " The pH values in brackets correspond to

the pH of the respective system measured

"" after autoclaving and at room temperature.

LOG CRRENT. A
Table 2: Steady state corrosion rates for

A216 WCA grade steel in Saturated
NaCI with varying Mg" ion concen-
trations(01500c).

Figure 2: Corrosion rate/time plot at 1500C SYST ic"r

(obtained by linear polarization technique) (at steady state)
for A216 WCA grade steel in saturated NaCl (aA/cm2
with 70K and 35K ppm Mg

2
* additions. c

Saturated NaCI 1.5

NaCl+35K ppm Mg2- 130.0

NaCl+70K ppm Mg-' 400.0

A 216 W0'

150 C
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EFFECT OF TRANSPORT AND RESISTIVITY i = (nFADTC/r)(t -1/ 2 ) + k
CHARACTERISTICS OF THE ENVIRONMENT

ON THE CORROSION OF STEEL where i = Transient current

E. Escalante and T. Oka* n = e':tron exchange

National Bureau of Standards F = Faraday number
A = Surface area of the gold electrode
DT =  Transport constant for the media

Most studies on corrosion of High Level Waste container C = Initial concentration of oxygen
materials are carried out in aqueous solutions in which the r = radius of the gold electrode
transport processes of diffusion and convection are high. I Transient time

However, it is important to consider the effect of low k = geometric constant

transport and high resistivity properties, as expected in the
tuff environment of Yucca Mountain, on the corrosion of It is interesting to note that the thickness of the diffubion
metals. Conditions of low transport and high resistivity can layer influences the rate of transport. As the thickness of

cause localized corrosion, as observed in other this layer, controlled by the transient time, decreases to a

environmetal systems, resulting in higher penetration rates small fraction of the media particle size, the transport

than would develop under conditions of uniform corrosion, constant approaches the diffusion constant in the liquid
In this study, transport and resistivity are controlled over environment. Conversely, as the diffusion layer thickness

several orders of magnitude, and their effect on the rate and approaches the radius of the media particle size, the

form of corrosion are observed. transport constant increases.

Small steel coupons are immersed in a matrix of Resistivity of the different media is controlled by the
environmental conditions in which transport and resistivity concentration of the electrolyte. During the initial study,
are controlled, and the corrosion rate of each coupon is sodium chloride solutions were used as the electrolyte.
measured periodically. Measurements of corrosion rate are Measurements of a. c. impedance on the cylindrical gold

carried out using polarization resistance and a. c. electrodes in the media provide a measure of resistivity.
impedence techniques. The technique of polarization Transport and resistivity, along with corrosion rate of the
resistance allows a rapid determination of corrosion rate, steel coupons, are measured each week.
however, correction for iR error in the potential
measurements, in high resistivity media, must be The results of the first stage of this study indicate that
performed. During the corrosion measurement, specimens transport properties in the various media differ by
are polarized from -10 to 10 mV, versus open curuit approximately an order of magnitude, with the liquid
potential, and the current applied to obtain this change is environment having the largest transport constant (DT
measured. Corrosion rates are calculated from the data 1.5xl 0-5 cm2 s), sand the lowest (DT - 5x1 0-7 cm2 s), and
that results. More information is obtained using a. c. agar in between (DT = 3x10 "6 cm 2s). Resistivities of the
impedance, but the measurement requires more media ranged from 40 Q cm for the 3.5 % sodium chloride
sophisticated evalution compared to the polarization solutions to 6500 0 cm in 0.0035 % sodium chloride
resistance technique. In addition to corrosion rate data, solutions. The greatest degree of pitting and the highest
without the problem of iR compensation, a. c. impedance corrosion rates were observed in the sand media followed
provides information on the mechanism of corrosion and by the liquid environment, and the lowest corrosion rates
resistivity of the media-oxide. Gravimetric weight loss and most uniform corrosion were observed in the agar
measurements are made for verification on total weight media.
loss. The extent of pitting and uniform corrosion are also
evaluated at the end of the exposure period.

Transport properties of the environment are controlled by
using liquid, sand, and agar in the electrolyte media. The
transport of oxygen through these media is affected by
several factors including the reduced cross-section of the
electrolyte, the increased diffusion path of the diffusing
species, and possible ionic interactions between the
electrolyte and the agar or sand. Using spherical and
cylindrical gold electrodes, the cathodic reduction of oxygen
is carried out using polarographic techniques. The rate of
oxygen reduction at the gold surface is related to the
concentration and rate of transport of oxygen through the
media as detined by the general equation:

226



Abstract No. 159

THE ANALYSIS OF ELECTRODE PROCESSES BY 1. Charge transfer. From manifold studies during the last fifteen years it

ALTERNATING CURRENT AND TRANSIENT TECHNIQUES: became evident that even "simple' model reactions, like metal ion

RECOGNITION OF MECHANISMS. reductions, proceed via multi-step r-:chanisms, containing not only
single electron transfer steps, but also heterogeneous chemical reaction

M. SLUYTERS-REHBACH and J.H. SLUYTERS steps. Of the latter sometimes the nature is obvious, e.g. protonation or

Van 't Hoff Laboratory, University of Utrecht dissociation, but sometimes their nature is still unidentified. The
Padualaan 8, P.O.BOX 80051, 3508 TB Utrecht intermediates in these mechanisms are supposed to be relatively

The Netherlands.
unstable.
2. Successive charge transfer. In this case two or more charge transfer

Stimulated by the enormous progress in the development of processes occur successively, but ,ith stable or relatively stable

electronics during the last three decades, the ac and transient techniques intermediates. This means that the intermediate can undergo mass

for the study of electrode processes have evolved to an outstanding level transfer, or can adsorb at the interface.

as regards precision and potentialities. The initial aim being the 3. Reactant adsotio. If an electroactive species is also adsorbed, the

determination of the kinetic parameters ks (standard rate constant) and t response of the three techniques is extremely sensitive to the extent of

(transfer coefficient) of the Butler-Volmer formalism [I], it was soon this adsorption, and detaiied information can be obtained about isotherm

recognized that these techniques are eminently suited to be applied with parameters as a function of the dc potential.

the aim of understanding the partial processes contributing to the overall 4. Coupled homogeneous reactions. Due to the large time scale covered

electrochemical process, provided that the appropriate methodology was by the various techniques, the occurrence of preceding, intermediate and

derived [2-4]. following reactions in the solution phase can well be detected and their

The overwhelming number of different techniques may be kinetics determined.

classified as follows: 5. Electrochemical phase formation. When a new phase is deposited on

(i) large amplitude techniques; e.g. chronopotentiometry, chrono- the electrode, its kinetics have to be described in terms of nucleation and

amperometry, chronocoulometry growth. In a way these processes are to be related with the foregoing

(ii) small amplitude techniques; e.g. potentiostatic or galvanostatic items.

pulse perturbations Several examples of the mentioned items have been studied

(iii) first order ac techniques; second harmonics, rectification or successfully, and the effects of solution composition, inhibitors and

demodulation measurements. catalysts have been interpreted on the basis of the formalisms developed.

Each of these has specific potentialities as well as specific limitations. In Mostly these studies concern model systems, i.e. relatively "simple"

our laboratory considerable experience was collected on this matter, electrode reactions occurring at mercury, gold or vitreous carbon

leading to the conclusion that combined application of three principaUll, electrodes. In the case of the solid electrodes, special attention has been

different types of methods is most beneficial, namely [5-71 paid to the anomalous behaviour of the interfacial impedance, known

dc voltammetry, chronoamperometry or chronocoulometry since long as the phenomenon of the Constant Phase Element. The vety

impedance voltammetry, i.e. impedance measurements as a function recently proposed description of this behaviour based on the concept of

of a de bias potential fractal roughness, appears to provide a satisfactory explanation 18,91.

demodulation voltammetry, i.e. measurements of the demodulation

voltage response to a modulated ac current perturbation, also as a References

function of a dc bias potential. I. P. Delahay, New Instrumentals Methods in Electrochemistry.

The information obtained with these methods is partly identical and Interscience, New York, London, 1954.
2. D.E. Smith in A. Bard (Ed.), Electroanalytical Chemistry. Vol.l.

thus mutually confirmative, but partly also complementary. In view of Marcel Dekker, New York, 1966.

the large amount of data, computerized equipment has been built for 3. D.E. Smith, Crit. Rev. Anal. Chem. 2 (1971) 247.
4. M. Sluyters-Rehbach and JI. Sluyers in AJ. Bard (I'd).

automatic or semiautomatic performance. In the first instance the data are Electroanalytical Chemistry, Vol.4, Marcel Dekker, New York,

manipulated to separate the contributions of ohmic resistance and of 1970.
5. A.). Bard and L..P. Faulkner, Electrochemical methods.

double-layer charging. Next they can be used diagnostically to identify Fundamentals and Applications, Wiley, New York, 1980.

the processes controlling the electrode reaction(s). Finally, by 6. M. Sluyters-Rehbach and J.11. Sluyters in E. Yeager et at. (tds.),
Comprehensive Treatise of Electrochemistry, Vol.9, Plenum Press,

quantitative analysis the detailed mechanism of these processes can be New York. London. 1984.
investigated. Besides mass transfer that inevitably air, dys has to be 7. M. Sluyters-Rehbach and J.1I. Sluyters in C.t. Bamford and R.(.

Compton (Eds.), Comprehensive Chemical Kinetics. Vol.26,

accounted for properly (both in the ac and the dc sence) the following Elsevier, Amsterdam, New York, Oxford, Tokio. 1986.
8. L. Nyikos and T. lajkossy, Electrochim. Acta. N 1985) 1533

cases should be distinguished. 9. W.H. Mulder and Jil. Sluyters, l'lectrochim. Acta. ,3- (19881 3)3
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A Macroscopic-Impedance Model Model Description

for a Rotating Disk Electrode. A mathematical model has been developed that calculates
the frequency response of a rotating disk acounting for

Analysis of the Dissolution of multicomponent diffusion, migration, and homogeneous and
Copper in Chloride Solutions: heterogeneous reactions. The working algorithm uses

Data Reduction and Prediction concentrated-solution theory, incorporating the Stefan-Maxwell
transport equations, and accounts for a finite Schmidt number

Alan K. Hauser and John Newman and interfacial velocity. The governing equations within the
disk boundary layer along with the elecLr-de boundary

Materials and Chemical Sciences Division, conditions are solved using a finite-difference procedure, first for
Lawrence Berkeley Laboratory, and the steady-state problem, and then as a function of frequency

Department of Chemical Engineering, Additionally, the electrochemical impedance of the disk
University of California, Berkeley, CA 94720 electrode is analyzed theoretically, including a detailed

breakdown of the total potential. Examining the impedance due
to each contribution of the cell potential and total current gives
rise to impedance terms typically neglected in other ac-

Ac impedance is recognized as a most useful method for impedance treatments, This approach makes it possible to see
studying the electrochemical nature of many systems. An where certain assumptions have been made in the
advantage of this spectroscopic technique is that the impedance, electrochemical impedance literature, although they are not
as a function of frequency, often displays the constituting always clearly stated
characteristics of the system separately. Therefore, the Data Reduction
electrode frequency response is helpful for elucidating the rate-
determining processes of an electrochemical system. However, The data reduction scheme that has been developed is
due to intricate coupling of charge-transfer reactions at the based on analytic solutions for the faradaic impedance The
surface and mass transfer in the presence of a nonuniform simplifying expressions are derived from dilute-solution theory
electric field in the solution, the quantitative interpretation of with no migrational effects, as opposed to the more genera!
experimental data is not always easy. Equivalent circuits Stefan-Maxwell multicomponent transport equations. The
labeled as "theoretical models" still are frequently used, even resulting analytic forms of the faradaic impedance are helpful
though Grahame t pointed out the shortcomings of that for verifying ones intuition and for testing the more general.

approach over thirty years ago: "The objection to this complex model. which requires a numerical solution These

procedure is that one has no way of knowing whether or not a equations are most useful for analyzing impedance results and
given equivalent circuit is, in fact, equivalent to the interface for yielding ne wa.s of plotting the experimental data for
under consideration except by carrying out an independent determining important kinetic and transport parameters of an
analysis of the problem which is the objective of those who use electrochemical system For example, a plot of the real part of
this method to avoid." Consequently, the inability to the impedance 'erss -4 provides a method for determining
understand frequency-response data quantitatively is probably the kinetic and theriolynanc parameters for a particular
the biggest problem with using the ac-impedance technique system The characteristic time constants of the man-transfer

Controversy in the interpretation of impedance measurements is and kinetic impedance loops also are given.

common and will continue until better methods for data
reduction and analysis are available. Model Predictions

The total electrochemical impedance of a copper rotatingMethodology disk in chloride solutions is calculated as a function of frequency

Thc objective of this work is to attempt to bridge the gap by the Stefan-Maxwel macroscopic model The model results
between experimental and theoretical impedance analysis are used to meet the following objectives First. the validity of
Combining the two is unavoidable if our goal of understanding the generalized program was checked by comparing the
the phenomena that give rise to a particular frequency response concentrated-solution model in the limit of dilute solutions,
for a given electrochemical system is to be achieved, excess of supporting electrolyte, and infinite Schmidt number to
Quantitative agreement between experimental impedance data known analytic solutions. Excellent agreement was obtained
ant theoretical calculations, based on fundamental governing Second, the copper-chloride results are plotted in various forms
equations, should yield insight and understanding of the enabling additional information about the given system to he
electrochemical system being investigated, obtained. For example, the effect of finite rates of the

The specific objectives of this paper are as follows. First, a homogeneous complexation reaction and the effects of the
generalized theoretical framework for the calculation of the Schmidt number and different rotation speeds on the frequency-
total impedance is to be presented as a function of response of the faradaic impedance were examined Finally. a
thermodynamic and kinetic parameters, as well ,s new way of plotting the dimensionless c-nvective-diffusion
multicomponent mao-transport properties. Second, a impedance is proposed that reduces the Schmidt number
generalized procedure that has leen developed for obtaining the dependence of the frequency response nearly to one curve 'y
fundamental and necessary input parameters from experimental stretching the abscissa using ( -/ttlSc/

3
.

frequency-response data will be discuss'ed Third, the
parameters obtained from this procedure will be used in the References
nacroscopic model to calculate the total electrochemical ill David C Grahame, "Mathemaiial Thresr of the
impedance as a function of frequency for various conditions. Faradaic Admittance (Pseudocapacity and Poflarizaton

Comparisons will then be made with the experimental resultsill Resistance)," Journal of the Eleetrochemical Society. 99. 370C-
for the dissolution of a copper rotating disk in chloride 385C (195-2)
solutions

2 illiam 11. Smyrt, "Digital Impedance for Faradai
Analysis I1 Electrodissotiton of Cu in liC." Journal of the
Electrochevitcal Society, 1.9,f 15.i5-1562 (1994)
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A SHOOTING METHOD TREATMENT FOR A rigorous mathematical description of the experimental system has
ROTATING DISK ELECTRODE IMPEDANCE thus been developed, and can be used in a generalized minimization

DATA OVER THE ENTIRE FREQUENCY RANGE or non-linear leaut squares routine, in order to choose the 'best'
values of the physical and chemical constants that characterize the

Rael Morris, Anna Kassimati and William Smyrl system (5,6).

Department of Chemical Engineering
and Materials Science RESULTS AND DISCUSSION

University of Minnesota
Minneapolis, MN 55455 The 2" order Runge-Kutta (R-K) method, applied to the initial

value problems, allows IJ to be solved with significantly less work
INTRODUCTION than the traditional finite element and finite difference formulation or

Chebychev collocation methods (5,6).
Transient techniques are often used in electrochemical cystems for
the study of electrode kinetics and mass transfer. Disturbing the The resulting coupled system of equations has been solved numeri-
reaction from the steady state, by applying a perturbation to tile sys- rally by applying a 16 point Chebychev collocation method to the
tern, allows the elementary processes occurring to relax. As these original system, and 8 and 16 point 2" order R-K methods applied
various processes respond to the perturbation at different rates, the to the shooting method initial value problems; the rer.sic hare been
time response of the system can be analyzed to characterize them. compared. The domain extends out to infinity from the electrode
The results of such techniques are referred to as impedance data. surface; however numerical experimentation has shown that

-.x - 2.7 , and f.., - 1.7 for the Chebychev and R-K techniques
In order to meaningfully analyze the impedance data, they have to respectively are sufficient. The relative execution times of the three
be compared with an analytic expression for the measured quantity methods were recorded; the 8 point R-K was found to be 16 Lii,-
(I). The value of the parameters in such an analytic expression which faster than the Chebychev method: and the 16 point R-K method ran
are found to best fit the measured data, are then ascribed physical or 8 times faster than the Chebychee method
chemical significance. In this way important physical and chemical
constants (such as diffusion covlicients or rate constants) may be Values of - I / 9 (0) ) were calculated using these three methods.
obtained for the system. and compared with an exact solution for infinite values of Sc. The

maximum relative error in either the real or imaginary parts of the
It is highly desirable for the calculation procedure to be fast and convective Warhurg impedance is within 01%c for both the lhebe-
accurate, so that parameters can be estimated in a routine fashion chev and 16 point R-K methods, and within 0.6" for the 8-point R-
while the data is being measured. In this contribution, ve 0t.. -rie a K method. Application of the 2 " order R-K method to the dcoii-
method for solving the differential equations associated with the con- pled system gives results with an acceptable precision in a faster aud
vective mass transfer to a rotating disk electrode, appropriate for more simple manner than conventional methods for handling coupled
online laboratory analysis. boundary aslue problems.

ANALYTIC MODEL In Figure I is presented the calculated values of real and imaginary
parts of the dimensionless convective Warburg impedance

A succesful model of a simple electrochemical system invariably has I - I / 0'(0) 1 us a function of Sc. The curve for infinite Sc deci-
to include terms to account for ohmsic resistance, double layer capaci- ates significantly from the curve for low Sc. tilur neercitutitg asni-
tance, kinetic factors, and a convection-diffusion term (2). Of these it lar treatment to the one presented here in order to sucace-fulv
is the latter which gives mathematical complexity to the eharacteri- analyze impedance data for these systems
zation of these systems

The solution of boundary value problems for the purpose of paramiie-
If a small sinusoidal perturbation is imposed on a rotating disk rIce- tee estimation, is generally a method that can only be rack 'ud -or-
trode system at steady state, then a linear response can be expected cessfully by large scale mainframe computers Numerical solution of
in perturbations of electrode concentrations. This results in a these types of problems invariably require the manipulation of large
separated variable solution to the convective diffusion equation, systems of linear equations, a memory intensive and time consumig
yielding an ordinary differential equation in the spatial component of procedure. Further, the solution to the differential equations ar usu-

the concentration perturbation 40) given by (3): ally required many timen in the course of the tterative paraseter
estimation process

d'd [ -K3 11/_f0 Thus we have reduced a seemingly is na ble problemt .t oline shat
S/ 

+  
-n h ... ee easily handled by a labi..at. -. le y.....r. q isia 0 effectively and in real time This method iay be applied to other

types or linear systents of differential equations, but ceertatnl for the
!1! calculation of Warburg impedances it shows marked improvement

over tile conventional numerical sehiincs
where is dimensionless axial coordinate, K is a dimensionless fre-
quency of the perturbation signal. Se is the Schmidt number, and a REFERENCES
and b are constants. The following boundary conditions are imposedon equation (1]- 1. J. Ross Macdonald anqd .J A Garber. J, Ecetrochem .Sac , 124,

o1022 (1977)

2. CIo., IDRaistrick. and R A Huggins. J S-leetroem dcc
I at 0, 0-0 as o' s2n( 127. 343 (1980),

3 B. Tribollet, J Newman, and V I Smyrl. To be published
requiring that the concentration perturbation be zero far from the 4. H. 8. Keller, "Numerical Methcols for Two-Point Iiurdar.\ahl,
disc, while at the interface the amplitude of the perturbation remain Problems" Blaisdell Publishing Company. pg 43. F68)
at a specified constant value 5 R. Morris and W. H Smyrl "DIGITAL IMPEDANCE FOR

FARADAIC ANALYSIS - IV Rigorous treatment of Rotating Dtsk
Electrode Impedance Data Over the Entire Frequency Range ", paperEquation l1 with boundary conditions [2( cun be sociced by splitting submtitted to .1 E[eterhres See.

the solution into real and imaginary parts, and solving a coupled sys- 6uHmtel t . T
tees of equations The coupled equations can be solved most ecnotmi- 6 B T Bel1, MS Thein of Minesota [1sr)
eally, by using a shooting method approach (4), and solving two
related initlal value problems Any time stepping procedure my lie
used to ealculate the solutions ito these rcsulting initial value pro
1-ms. and hence the solution to [I].

2.,1
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IHP9OAXCZ SPCTROSCOPY FOR TRU STUDY OF eoce of BTA and is likely to be a less hydrated

ANODIC COPPER DISSOLUTION IN SULFURIC form of copper sulfate.

ACID IN PRISINCE OF BXNZOTRIAZOL Ka

Claude Clero and Richbard C. Alkire
This work was funded by grants from the Fonds

Department of Chemical Engineering National Suisse do la Recherche Soientifique, and

and U.S. Department of Energy via the Materials

Materials Research Laboratory Research Laboratory (DE-AC02-76ER01198(51)). The

University of Illinois authors are grateful for this support.

Urbana, Illinois 61801 
eferences

The presence of an anodic surface film 1.- A.Cangellari, "The Effect of Corrosion In-

dramatically affects the electroohemical behavior hibitors on the Anodio Dissolution of Fe and Cu in

of dissolving electrode in processes like corrosion Presence of Fluid Flow," Ph.D. Thesis, University

inhibition, passivity, electropolishing or pitting. of Illinois, Urbana (1985)

The present study was initiated to learn more about
the physical properties of the surface film 2.- T.R.Beok, ag.aA .Conrn., 33, 393 (1985)

present at the surface of a copper electrode during
anodic dissolution in 0.5 M sulfuric acid and 40 mM 3.- K.J.Vetter, "Electrochemical Kinetics,"

benzotriazole (ETA) at 25 OC. This study is of Academic Press, New York (1967)

practical importance because this organic compound 4.- C.Clerc and D.Landolt, to be published in
is widely used for corrosion inhibition and as 4-.ot Ccbo .. els

etching additive.

The impedance spectra measured after 10 mn
of polarization (with a SOLARTRGH 1250 Frequency
Response Analyser and a SOLARTRCt 1286 Electroohee-
ioal Interface) were analyzed by comparison with a
physical model of the electrochemical interface in
which the passive electrode is covered with a
barrier layer. The main assumptions are that this
barrier layer is a good electronic insulator of
stoichiometric composition and that charge transfer
reactions and double layer charging occur at both
metal-barrier layer and barrier layer-electrolyte
interphassa. This model also considers the change
in the barrier layer thickness under the influence
of the applied potential.

Least squares fitting of measured impedance
spectra yield physical parameters of reasonable
order of magnitude to support the proposed model.
As predicted by Cangellari (1), it was found that
the barrier layer is itself covered by an outer
porous film of corrosion products and that the
metallic ions transfer through the barrier layer
under high field conduction. By comparing the crys-
tallographic lattice parameters and the dielectric
constants of different copper compounds, the jump
distance was determined to be about 5.5 A,
indicating that the barrier layer is likely to be

an hydrated copper sulfate (CuSO4,5H20). The values

of the electric field across the barrier layer (C .

1..106 loa), its thickness for the range of
experimental conditions involved (30 A < 1 < 500 A)
and the pro-exponential factor for high field

conduction (io . 9.5 mAIcm
2

) were also determined
and are in agreement with those reported in the
literature (2,3).

"An other set of experiments carried out in
absence of TA indicates that on the current
plateau, as for nickel dissolution in concentrated
chloride solution (4), the metal electrode is
covered with a dual surface film and that the
dissolution rate is controlled by the diffusion of
the corrosion products from the surface of the
electrode into the bulk of the solution. The
analysis of the high frequency part of the
impedance spectra shows that the barrier layer is
also a good electronic insulator of stoichionetric
composition through which metallic ions transfer
under high field conduction. The lower value of the
jump distance (a . 3.5 A) and the higher value of

the pro-exponential factor (io . 50 mAcm
2

) indi-
cats that the barrier layer has a chemical
Composition different from that prevailing in pres-
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Surface Inhomogeneity
characterized by EIS

K.JUttner *, W.J. Lorenz

*)Institute of Physical Chemistry

and Electrochemistry,
University of Karlsruhe,
Kaiserstr. 12
D-7500 Karlsruhe, Goean.

Solid electrode surfaces are principally
inhomogeneous due to their crystallographic
and morphological surface structure inclu-
ding different kinds of crystal imperfec-
tions which may act as actire sites for
electrochemical phase boundary reactions.
Additionally, sorption effects and the for-
mation of surface layers leads to partial
blockage effects.

Consequently, corrosion processes are also
strongly influenced by surface inhomoge-
neities of different dimensions. EIS was
found to be a powerful in-situ method in
order to characterize the influences of
surface inhomogeneities on various elec-
tron and ion charge transfer processes. The
paper is dealing with the influences of 2-D
and 3-D surface inhomgeneities on different
metal corrosion processes and interface and
interphase corrosion inhibition.
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Measurement of Transient Processes from current. These data are used to establish
the Guillotined Electrode: A New Technique the local self-corrosion current density as

a function of potential and time during
G.T. Burstein and R.J. Cinderey repassivation.

Department of Materials Science In neutral chloride solutions under anodic
and Metallurgy polarisation the nucleation of stable

University of Cambridge pitting is marked by a sudden arrest in the
Pembroke Street rising potential, the characteristics of

Cambriage CB2 3QZ, United Kingdom which depend on the chloride concentration
and the applied current density. Following

A new technique for examination of the this event, the potential does not rise
electrochemical behaviour of freshly further, save for the superimposed noise.
generated metal surfaces in aqueous Similar experiments performed in an
electrolyte solutions is presented. The anodising bath (ammonium borate) show that a
technique employs a microelectrode mounted similar event occurs after a period of
on insulating polymer such that only the passive film growth. The event is succeeded
end-surface of the electrode is exposed to however, by a further steady rise in
the electrolyte. A specially designed potential, but at a far slower rate. These
chisel is then used to shear the entire observations are attributed to nucleation
electrode surface. The chisel is and growth of the classical porous overlayer
constructed as a steel shank with a cutting on top of the passive oxide film. The data
blade made of boron nitride. Above the demonstrate that the nucleation of pits in
boron nitride blade, a hole machined into chloride solution, and the nucleation of
the steel shank is positioned such that when pores in anodising solution are events of
the blade comes to rest at the end of its similar origin.
travel the hole lies directly over the new
metal surface, allowing the Luggin probe to Some data describing the cathodic behaviour
"see" it. The chisel itself is of freshly generated aluminium surfaces are
spring-loaded and -s driven with a cutting also presented. They show that even under
speed of ca. Im s , allowing a 1mm dia fairly high cathodic current densities
specimen to be cut in ca. Ims. Data are nucleation and growth of the oxide film
collected digitally in a fast transient dominates the process initially. The
recorder which is triggered by passage of potential then falls as the increasing
the chisel unit, before transference to electronic resistance of the growing cxide
computer for processing. film imparts higher overpotential to the

cathodic process.
The technique is complementary to the
scratched rotating disc electrode from which
it is distinguished by two important
features. First, the electrode is
stationary, convection being introduced only
in the early stages by passage of the
chisel. Second, the electrode surface is
renewed in its entirety, permitting accurate
measure of potential transients either in
open circuit oz under galvanostatically
applied current.

Data are presented describing the
electrochemical behaviour of freshly
generdted aluminium surfaces in aqueous
solutions. Potential transients were
measured at open circuit and under
galvanostaticaily applieu current, both
anodic and cathodic. In neutral solution
the corrosion potential of the new metal
surface is initially very negative. The
potential ther. rises linearly in log t, a
phenomenon describing grow n of the oxide
film driven by the local "thodic reduction
of water and dissolved oxygen. The reaction
is approximately independent of -he neutral
sclution composition althouqh in tap-water
an increase in the rate of repassivation it
longer times is ascribed t,, the effects of
small cocentratios of brcarbonate.

tnder externally applied anodic current a
linear r is¢ of F wth log I similar ,o that
seen in open circult is observed in the
in~tial stages of oxide film growth. A' a
,articular value of E, however, the rate ot
rise of E with t is accelerated, tire
parameters -ontroi1,n; this acceleratio.
beinq Jependent ,n the" appli.d anodi-
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IN SITU FRACTURE TECHNIQUES FOR STUDYING Fig. 2. A zero-resistance ammeter (ZRA) was used in

TRANSIENT REACTIONS WITH BARE STEEL SURFACES- each branch to measure the current flow, and an auxil-

iary reference electrode was included to measure the
R. P. Wei mixed potential within the corrosion cell.

Lehigh University, Measurements have been made on low alloy and

Bethlehem, PA 18015 austenitic stainless steels, and have been correlated

and with corrosion fatigue crack growth data. Th.s corre-

A. Alavi lation demonstrated electrochemical reaction control

Sherwin-Williams Company of corrosion fatigue crack growth, and suggested that

Chicago, IL 60628 the temperature and frequency depenoence for fatigue
crack growth rate could be predicted directly from the

electrochemical reaction data for bare steel surfaces.

To assist in the understanding of environmentally A similar correlation has been established for stress

assisted crack growth in aqueous environments, in situ corrosion crack growth. The reactions of interest are

fracture techniques have been developed to study the localized at the crack tip, and are those that bring

transient reactions of bare steel surfaces with the the newly created surfaces into equilibration with

electrolyte. In this paper, the measurement tech- the "oxidized" crack flanks. Because o, IR drop along

niques and test results will be described and dis- the crack, the mixed potential in the "local" cell

nussed in relation to crack growth response in steels, tended to remain close to the free corrosion poten-

The techniques utilized a specially designed tial. Specific results will be used for illustration,

electrocnemical (corrosion) cell, Fig. 1, and the bare and the implication. nf these techniques and findings

surfaces were produced by in situ fracture of a on future research in stress corrosion and corrosion

notched round (5mm notch diameter) tensile specimen fatigue will be discussed.

[1]. The specimen was coated with lacquer and was

further isolated with shrink tubing so that only the (-Work supported in part by the Office f Basic Energy

fracture (bare) surfaces (with a total nominal area of Sciences, Department of Energy, under Grant No. DE-

0.4 cm
2 

for the two halves) would be exposed to the FGO2-84ER45138).

electrolvte during measurement. Each of the measure-

ment techniques utilized a variant of the cell shown 1. A. Alavi. C. D. Miller and R. P. Wei, Corrosion,

in Fig. 1 to represent the conventional 3-electrode Vol. 43, No. 4, pp. 204-207 (1987).

cell, and a 3-electrode and a h-electrode analogue of ?. R. F. Wei and A. lavi, "A u-electrode analogue

the local electrochemical cell at a crack tip. The for measuring electrochemical reactions with bare

measurements provided information on the reaction metal surfaces at the crack tis". Scripti Metil-
kinetics, and furnished insight on the crack tip con- lurgica, submitted for publication ('35'.

ditions and crack growth response.

The conventional cell configuration was used for

basic studies (e.g., the influences of potential and -Cl

ph4 on bare surface reactions under potentiostatic

control. In this variant, the four round rods

(Fig. 1) were replaced by a cylindrical platinum coun-

was used as the reference electrode, with the ti- Of

the connecting Luggin probe plaed near tho specimen

rotch. The current transient following speeclmn frac-

ture was recorded digitally by a high speed data

acquisition system.

The cell (Fig. 1) was orlglnally conceived as an
analogue for the crack tip, and was designed for

neasuring the equilibration galvanic current 'Or

charge transfer) between the bare crack ip surfaces
and tne "oxidized" or filmed track flank under free ,Courer Elec',oxes

corrosion 1;. The crack-tlip surfaces were simulated Specimen I Working Electode)
by in situ fracture of the notched tensl speiemon,

and the crack flame by the "oxidized" rods of the nim,
-a'rial. The Luggin prob -s3 in,'id<! to non:tar 'i- '.'ra' 1" U>tr-11:. . .K.'

.ne mixed cell potential. Tns 1mount of ,args ".,,cemi.car'lmn

Irnsferredl durn t e r-a 'ens 4:t tce, f- atr'

slfues ws obta ined by namerical int,-gratlon of th.

int t'* ,lift,, srI 413J~e 'o d,1-Lrm '

n- r,: .!i -n I r, fr to" o i

- .. ... ,aa

•" ,t l , ,)4 ,I,$3 , , , xnhiz. el" -eereo C'

".,: -. r -t'.; ;. tet~ : ] q' IJ'['' r ' 5 : ] W I"IW " ,' t
i
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The Influence of Surface Capacitance on the Acknowledgments
Measurements of Localized Corrosion Transients
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The difficulty of measuring the early stages of

localized corrosion transients during pit growth, 2. R. Oltra and M. Keddam, Corroslon Sci. 28, 1
the repeated step growth in stress corrosion (1988).
cracking or scratching, arises from the charging of
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surface delays the transmission of the potential
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The effect of surface capacitance on the flow
of current has been presented by Newman II1. At
high frequencies (or short times) the low effective
interfacial impedance makes electrodes behave as
equipotential surfaces with very high current densi-
ties at the edges. Oltra and Keddam [21 have dis-
cussed the measurement of impedance of capacitatve
surfaces with active pitting, and the distribution
of current to surfaces with localized corrosion
taking place [31. The capacitance of the surface
was also found to dominate potential transients when
pits grew for a few seconds [41.

The measurement of the kinetics of the early
stages of pitting corrosion is an important aspect
of the understanding of the processes controlling
the development of pits. Two approaches have been
used to separate the contributions of the surface
impedance to the observed transients. The first was
the measurement of signal transmission along metal
surfaces. The second was a computer simulation of
the processes.

The measurement of signal transmission was made
with wire electrodes under potentiostatic control.
An Alloy 600 wire was supported in a tubular cell
with the tip of one reference electrode positioned
at various distances along the wire. A second
reference electrode and an exposed wire tip auxil-
iary electrode were placed at a fixed position close
together near one end of the wire. These electrodes
were used to produce a local single rectangular
potential transient on the wire and the second
reference electrode was used to monitor the propa-
gating pulse along the wire.

The rate of propagation can be simply approxi-
mated by the product of the solution resistance and
capacity of the metal surface. The reciprocal of
this product is equivalent to a diffusion coeffi-
Int of the order of magnitude of i0 cm

2
/s. The

results have indicated that it should be possible to
dete mine the position of pit initiation sites from
time of arrival of transients at reference elec-
trodes positioned at known locations over metal
surfaces.

oimulation of cell geometries under potentio-
static control and metal surfaces with defined
interfacial processes have been carried out to
analyze the charging transients. The isiulations
have shown the Imoortance of the positioning of both
the reference and cosmter electrodes on the observed
transients occurring over a short time period.
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Measurement of Passive Film Growth Kinetics on Using values of a-2000 X and b-i cm and

Bare Surface Niobium Band Microelectrodes m-0.328 Q-i cm-I (IM H2S04), the resistance is found
to be -5 Q. At the highest current recorded,
-10

- 4 
X, the IR drop is thus 0.5 VY. Below -10

-5 
A

A. J. Davenport and H. S. Isaacs with the corresponding IR drop of 50 iV, the effec-

Department of Applied Science of ohmic resistance is negligible. Neglecting any
Brookhaven National Laboratory surface roughness, the electrode area iis_10

-
1 cm 

2

Upton, NY 11973 so a current density of 10
- 5 

A corresponds to a

current d,.sity of 100 mA cm
- 2
.

Microelectrodes have a number of advantages Thus, the microelectrode technique offers a

over electrodes of conventional size. These include method of studying the electrochemical reactions
a reduction in ohmic (IR) drop in the solution and occurring at bare metal surfaces at ouch shorter

an increase in mass transport rates to and from the times and higher current densities with lower IR
electrode surface [i. As a result, microelectrodes drop than those attainable with other techniques.

have been increasingly used in areas such as high

speed cyclic voltammetuy 121 and in corrosion Acknowledgments
studies [3,4].

This work was performed under the auspices of

Measurement of the growth kinetics of passive the U.S. Department of Energy, Division of Materials
oxide films is often carried out by potentiostatic Sciences, Office of Basic Energy Science under

pulsing of cathodically reduced surfaces. In such Contract No. DE-ACt2-7hCH00016.

experiments it is not certain that the entire oxide

film is reduced and, particularly with base metals, References

there is the attendant risk of charging the surface
with hydrogen. Such effects may be avoided by i. S. Pons and M. Fleishmann, Ultramicroelectrodes,

mechanical creation of a bare metal surface by M. Fleischmann, S. Pons, D. R. Rolison, and P.
scratching or breaking the electrode. However, it P. Schmidt, Editors, p. 1, Datatech Systems,

has been shown that the repassivation kinetics Inc., 1987.
recorded using either method are significantly 2. R. M. Wightman and D. 0. Wipf, Abstract No. 451,

affected by the IR drop in the solution [5]. Fur- Electrochemical Society Spring Meeting, Atlanta,

thermore, a current transient flowing from a scratch Georgia (1988).
in an otherwise passive electrode may be affected by 3. R. T. Atanasoski, H. S. White, and W. H. Smyrl,

the capacitance of the surrounding oxide film (6]. J. Electrochem. Soc. 133, 2435 (1986).
All these problems may be overcome by the in situ 4. J. Osteryoung and K. Wikiel, Abstract No. 455,

creation of a bare metal surface by fracture of a Electrochemical Society Spring Meeting, Atlanta,

microelectrode. Georgia (1988).
5. A. J. Davenport and G. T. Burstein, Abstract

The formation of band microelectrodes by No. 27, Electrochemical Society Spring Meeting,

exposing the edge of a thin metal film sputter- Atlanta, Georgia (1988).
deposited onto an insulating substrate has been 6. H. b. Isaacs and A. J. Davenport, This

described by Wehmeyer et al. [71. In this stuay, symposium.
a film of niobium "4000 X thick was sputtered onto a 7. K. R. Wehmeyer, M. R. Deakin, and R. M.
glass cover slide and a second glass cover slide was Wightman, Anal. Chem. 57, 1918 (1985).

stuck to the surface of the film with an epoxy 8. H. J. Pearson, G. T. Burstein, and R. C. Newman,

adhesive leaving one end of the film exposed to J. Electrochem. Soc. 128, 2297 (1981).
allow electrical connection. In order to prepare
the composite for fracture, both the top and bottom
glass slides were scored directly opposite each

other, with a diamond 3tylus. The scored part of
the electrode was immersed in the solution and

placed under potentiostatic control. The composite

was then fractured along the scored lines by impact,
exposing a bare metal band micro-lectrode -2 cm in

length and a width equal to the thickness of the -4

sputtered film ("4000 X). The bare surface oxidizes I0

rapidly: the resulting current transient was cap-

tured on a high speed transient digitizer. Fig. I

shows the decay of a typical current transient

plotted on logarithmic scales. The lower part of i

the decay shows a very shallow curve with an

approximate gradient of -0.9, consistent with film
growth by Cabrera-Mott high field kinetics (5).

At higher current densities, greater curvature is

found which is affected by the IR drop in the O
-

electrolyte (51.

The solution resistance to such an electrode

may be calculated using the equation of Pearson

et al. 9)1 
_O"O-3 0-2 O-I 0O C

10D 10 1' D IC'

R - 1 1. ( b ) t
2,ob a

Fig. 1. Decay of a current transient measure, in ,

where " is the solution conductivty and a and b bare niobium eicrnelectrcd in 19 I i I.
are the half width and half length of the electrode, plotted on logarithmic ocale-.

Ll~mm m mmmm im --
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ELECTROCHEMICAL TRAISIENT RESPONSES Conclusions
AFTER A CONTROLLED DEPASSIVATION The main feature of the coupling of a small

depassivated surface in a large surrounding passive
R.OLTRA, G.M. INDRIANJAPY, M.KEDDAM* surface is an electrical coupling which depends on

UA 23 CNRS, Universit6 de Rourgogne, 21004 DIJON the value of the potential of the passive surfae
FRANCE related to the zero-intercept potential, V.

LP 15 CNRS, Universit6 PARIS VI, 75232 PARIS FRANCE At very short times, the presence of the resistance
Ri, allows to assume the first step of the

Purpose repassivation process related to adsorption
The aim of this paper is to discuss the application phenomena. Whereas at longer time the independence of
o f the transient electrochemical measurement for the charge as function of the coupling effect seems
assessing the repassivation kinetics. From previous to demonstrate that a second step is related to
studies it was concluded that the measured current faradaic processec. For 'ron In HC104 pH=1, the
luring the repassivation of a reduced area of fresh charge density for repas-ivation correspordo to
metal, is under the control of electrical parameters approximately a monslayer of ferrous species 3K.
depending on the geometry of the electrochemical Unfortunately it seems very difficult to define the

cell, Fig.1 (1). time constant related to this second electrochemica
An equivalent electrical circuit has been proposed to step from transient measurement.

describe the electrical response during a local
depassivation under potentioutatic regime (1). References
From the following experiments the role of the (i)R.OLTRA, C.GABRIELLI, F.HUET, M.KEDDAM,
surrounding surface has been more precisely explained Electrochemica Acta, 31, 15-1, 1986
and the actual steps of the repassivation process (2)T.R.BECK, "Passivity of Metals", Ed...
have been tentatively defined. FRANKENTHAL and J.KRUJGER, p.

1
035, 1971)

(3)M.BADDI, C.GABRIELLI, M.KEDDA1, H.TAIE OUTI,
Experimental "Passivity of Metals", Ed.R.

P
. FRANK.ETHAL and

Experimental transient measurements have been J.KRUGER, p.625, 1979
performed on the "disk-ring" electrode in order to
look for the interaction which could also exist
between the depasnivated disk and the passive ring. I (sEll; o m
Using the Laser depassivation technique it is
possible to depassieate a passive disk, embedded or "510 130
T-, in a passive ring of the same metas. Measurement 2c.2
-f the current transients for the disk and the ring 'Is
is achieved by means of zero-impedance current
voltage converters as shown in Fig.2 allowing to
separate th- coupling transient currents from the Table 1- Electrical harge involved in the
current flowing through the potentiostot loop. repasivatlon of iren in E.:,04 c)4 '

Results :
i)The electrical coupling model described in (1) has
ree. ,eproved by the simultaneous measurement of all
the currents involved in the dual electrode, as shown
in Fig.3
ii)Assuming an electrical equivalent circuit, the
calculated transient responses due to the fast pA
connection of the impedance of the depassivated area
to the impedance of the passive surface one, allows
one to explain the electrical coupling shown in (i)
Fig.3. Nevertheles the controlling parameter which

rema'ns unclear is the mpooed potential which must C
be ascribd to a zero-potentoal.
The role of the surrounding passive surface can be

campared to a low-pass filter one. Indeed the charge
nvulved on th:- repassivation of the disk can be ? L 2
infpare ; !h ' c' harge measured with the the current

'ronsien
t 

in th prtentiostatic loop (table 1).
- ",The initial eak of current trtnsient measured on
'he disk Ilon' remains to be dependent on the size of

electrode 0cr if a genecrl dejissivation can be

,.-,med 
5

.. This lotta hs F "n rclacd to tho 0 U 2W 3 C YS

hm s, Jro , then a kind if polari stion urve can

t, pnt afr 'h, corr"tlion of the ohmic drop
m ne 'h" Newman's formuia for the electroiyto

s'co. d ' i ik. A shown in .'. ti.i -1 ,pnd-n'. c ,f 'h'' eh..inio uri"n'

re: oc 'n' ,sniy l'ncac with '"o 4,,n t ,! !', o'n I 11, .

J"., r,,, at th,- t e X th p,,ak , in -, . ;

n: Irn !, ,- ',.v r, -T! . i , -xPxp a JrTo- . ;n thc- oJ.h,.r ,. rv, .1' w , i: . ." rMT
rt in Cr h''oi.

r re "0," 1 i ' c ", c'

.. 'c"'. t'' , '"t ' ' '" oc '2 t m:" ", ' ', . ,.r : f, i o .: f~ ,p : '" ' n ,
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STUDY OF CORROSION PROCESSES References
BY A-C QUARTZ ELECTROGRAVIMETRY

(1) C. LU and A.W. CZANDERNA
S. BOURKANE, C. GABRIELLI and M. KEDDAM Ed. of Applications of piezoelectric quartz crystal

microbalances. Methods and phenomena Vol. 7.
LP 15 du CNRS "Physique des Liquides et Electrochimie" Elsevier, Amsterdam 1984.

Universitd P. & M. Curie, tour 22, 4 place Jussieu,
75252 PARIS C6dex 05, FRANCE. (2) G. SAVERBREY

Z. Phys., 155, p. 206 (1955).

(3) T. NOMURA and M. I1JIMA
The use of a quar tz crystal for meisuring small Anal. Chim. Acta, 131, p. 97 (1981).

mass changes (of the order of 10-
9 
g) is relatively

ancient in vacuum or at atmopsheric pressure. The prin- (4) S. BRUCKENSTEIN and M. SHAY
ciple of this quartz microbalance is based on the J. Electroanal Chem., 188, p. 131 (1985).
property of the resonance frequency of a quartz crystal E C.
to vary in a proportional way for small changes of the (5) J.H. KAUFMAN, K.K. KANAZAWA and G.B. STREET
mass of a foreig" substance deposited on one of its Phys. Rev. Letters, 53, p. 2461 (1984).
sides. Hence by measuring the change of the frequency of
an oscillator, where the quartz is inserted, the change (6) H.E. HAGER, R.D. RUEDISUELI and M.E. BUEHLER
of the mass can be detected and evaluated (1-2). It Corrosion, 42, p. 345 (1986).
seems that the first application of this technique to Cp
an electrolytic medium have been done by T. NOMURA (3) (7) S. BOURKANE
in 1981 for analytical purposes. A few years later and Thhse, Paris (to be submitted).
practically at the same time S. BRUCKENSTEIN (4) and
K.K. KANAZAWA (5) have used this technique for electro-
chemical kinetics studies. Since, some applications
have been proposed in the field of corrosion science
(6).

So far all the results have been obtained by
quasi steady-state techniques : the variation of the
quartz resonance frequency, i.e. the mass variation
has been recorded under experimental condition changes.
In this paper it will be shown how the same principle
can be used in order to obtain dynamic informations
about the mass changes. A sinusoidal perturbat~in of -- "
the electrolysis current which flows t,rough the elec- x,,
trode allows the classical impedance and a new mass-
voltage transfer function to be simultaneously meas.-I ,
red (7). Io

First of all copper is electrochemically deposited ,in.. ,",i --- A

in sulfate medium (CuSO4 0.5 M + H2SO4 0.5 M) on one EI:,,o. Sc

of the electrode of a quartz crystal resonator which
is called the working crystal. The latter is inserted
in an oscillator which has to be tuned in order that
it oscillates even when the crystal resonator is Fig. I Experiment arrangement used for the
strongly damped by the electrolytic solution. The pro- measurement of the mass voltage transfer ftnction
cessing of the oscillating signal during the dissolu- dm ,f
tion of copper in the same solution gives the change d-E ) k 'E
of the resonance frequency of the working crystal and

the quartz electrode. The modulation of the resonance I I
frequency If related to the sinusoidal prturbation of
the current tl about the steady-state pul'. zation 100
current I0 is analyzed by means of a transfet function
analyzer Solartron-Schlumberger 1254) in order to -15

obtain the mass-voltage transfer function by means of r01Lf/AE. This arrangement allows the classical impedance C< .+ o

(E/AI) to be obtained at the same time (Fig. 1).
>- 0O_ _

In Fig. 2 and 3 are given the impedance and the 01
< 01

mass-voltage transfer function at I0 = 200 pA during z
copper dissolution at ambient temperature.<-

In Fig. 4 the theoretical mass-voltage transfer
function is given for a metal dissolution in two
steps 

-301 I I I 
Me Me60 + e a0 75 90 105 120 135ads 

REAL PARTflMe Me .

Meads + e

Fig. 2 Electrochemical impedance measured durinq
There is a good agreement with the experimental tle dissolution ef copper in

results concerning the general trends of the mass vol- H 2so4 0.M CuSO 4 0 .5M medium at 200 A.
tage transfer function.

,40S
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EXTENSION OF A.C. IMPEDANCE TECHNIQUE TO electrochemical and environmental parameters. A salient
ATMOSPHERIC CORROSION STUDIES : APPLICATION feature is the decay of Is.c. from cycle to cycle

TO A SCRATCHED GALVANIZED STEEL attesting the progressive loss of protection by the
sacrificial Zn layer (2).

R. GUILLAUME, M. KEDDAM and H. TAKENOUTI
Figure 4 shows a set of 3 complex impedance plots.

LP 15 du CNRS "Physique des Liquides et Electrochimie" It is verified as a self-consistency criterium that W
Universit6 P. & M. Curie, tour 22, 4 place Jussicu is the sum of individual impedance Zn and St. The Pt
75252 PPA:S Cddex 05, FRANCE. probe is a satisfactory a.c. reference down to 0.1 Hz.

The informationsmade available are :

- In the HF range : The ohmic resistance of the corro-
INTRODUCTION sion products in the scratch which plays the role of

The rate of atmospheric corrosion can be monitored electrolyte by bridging Zn to Steel.

by electrochemical cells in which to identical or diffe- - In the MF and LF ranges : Electrochemical polarisa-
rent materials are coupled in a flush edge-by-edge tion apparently due to mass transfer effects are
arrangement. The electrolytic medium is constituted by prevailing. Both contributions to the cell impedance
a thin layer of condensed water in which atmospheric depend dramatically on temperature T and relative
pollutants and corrosion products are dissolved. Corro- humidity RH. But at all T-a-nd PHvalues ohmic contribu-
sion rate is estimated from the short-circuit current lion to the cell behaviour remains small.
supplied by the cell, it depends strongly upon the
ambient hygrometry. However mechanistic informations The influence of potential distribution within the
can only be gained from more elaborated experiments cell has been investigated with the 3-electrode set-up.
d.c. and preferably a.c. polarisation measurements. The Figure 5 shows the impedance of the Steel electrode
goal of the present work was to investigate the appli- under various T and RH conditions. The phase rotation
cability of a.c. impedance to an atmospheric corrosion in excess cf 90 has been recently proved to appear
cell simulating a scratch on a coated + galvanized when in a pore or transmission line model the potential
steel during a climatic test. Previous attempt to asso- reference is located at the extremity opposite to the
ciate a.c. techniques to atmospheric corrosion was current entry (3). The higher the resistance of the
limited to resistance measurements (1). corrosion products (low T, low RH), the larger this

distribution effect. This allowed to ascribe the fre-
EXPERIMENTAL quency dependence at lower frequency essentially totransport phenomena.
- Principle : Fig. 1 depicts the principle of the in-

sit ochemical sample. The zinc coating is elec- It is concluded that the impedance of the Zn nalf-
trically insulated from the steel substrate by making cell is controlling the corrosion behaviour of the
a sandwich structure. Two types of sample were prepared scratched area.
by :

- gluing two thin foils of Zn (Good-Fellow Ltd.) CONCLUSIONS
on the steel back ground (e = SO pm, d = 30 pm),

- thin layer technology R.F. sputtering of 1 am - a.c. impedance techniques proves to be applied suc-
A1203 + 3 Pm Si02 + I pm Cermet (Si02 + 90% Fe) cessfully to investigate the mechanism of atmospheric
(d 5 pm). Then e = 10 cm of Zn is electrodeposited. corrosion.

Both types of sample are finally coated with - Separation of the various factors in the electroche-
h 13 pm of cataphoretic paint. Thin layer samples mical kinetics can be performed owing to the use of a
are grooved by laser beam machining to simulate the probe acting as a microreference electrode.
scratch. The former type of sample allows to probe the
potential of the scratch bottom by introducing thin One of us, R.G., is grateful to ANRT and CRD
platinum wires across the steel sheet. Usinor Montataire for a financial support. M. SELLA

and MARTIN (CNRS Meudon) and LEBRAS (Micro control)
- Polarization and measurino set-up are acknowledged for their help in samples preparation,

d.c. : Short circuit conditionsprevailing at real REFERENCES
life-operation are reproduced by closing the cell loop
on a current follower (zero impedance cur,-ent to vol- (1) B. HARRIS and P.B.P. PHIPPS
tage converter). Open circuit potential is measured 156th Meeting Electrochemical Society, Los AnQeles,
with voltage follower. (USA), October 1979. Extended Abstracts n 242.

a.c. : Figure 2 shows the equipment used for impe- p. 626.
dance measurements under short-circuit (potentiostated
E = 0 between cell terminals). A 2-electrode or 3- (2) R. GUILLAUME and M. KEDOAM
electrode configuration was used according to the sam- Eurocorr 87, Karlsruhe (GFR), April 1987. Preprints
ple investigated. The 3-electrode set-up alloweu to p. 739.

separate the contribution of Zn and Steel half-cells
in tne overall response. (3) C. FIAUD, M. KEDDAM, M. KADRI and H. TAKENOUTI

Electrochim. Acta, 32, 445 (1987).
RESULTS

A large set of data have been accumulated as a
function of environmental parameters. Impedance data
are significative of the corrosion processes even in
the dry conditions where the impedance cell is very
high. The only spurious contribution arises in the
H F. domain from the small capacity of the insulating
layer in parallel with the cell impedance. Fig. 3
displays a time recording of the short-circuit current
is during an experiment going through the whole
te~t A good correlation is fourd between the d.c.



ORGANIC COATING

- ---- ~ >- -- z,~ TO MEASURING m(k)~SIEEL SET-UP

NSUL ATOR 2 0
Pt/

Fig. :1 View of the sandwich sample simulating a
scratch on a galvanized steel protected by an organic
coating. "d". "e" and "h" ; thickness of respe'ti- 10- Zrn,
vely the insulator, the zinc and the coating layets. 05

s 0.5 _

REGULATION MEASUREMENT 3. 1

....IOT~ . I ITrA to. ,t 0 5 10 20 30

JO
I , I Fig. 4 : Complex impedance plots of the steel

A1 D, F C .... electrode (St), the Zinc electrode (Zn) and the
I whole cell (W). Cold and dry environment

I VOLTAGE L

I FOLLOWER I

z'
I- Im (fl)

Sioat.3000- (ASIGNA L NO -
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Application of Electrochemical Impedance for Studying values (0.01 to 0.1 a), an additional time constant appears
Localized Corrosion (Fig. 1), and as the ohmic resistance decreases an additional

time constant also appears (Fig. 2).
M. Kendig and S. Jeanjaquet

RESULTS

Rockell International Science Center
Figure 3 shows the frequency dependence at open circuit

1049 Camino Dos Rios (-171 mV vs SCE) for the impedance modulus and phase angle
Thousand Oaks, CA 91360 for the heterogeneous surface (area fraction Af of the Sn/Sb

equal to 0.025). The broken lines are the experimental results
BACKGROUND and the solid lines are computerized simulation using parame-

ters obtained from a nonlinear least squares fitting proce-
With few exceptions, electrochemical reactions and, hence, dure. The broken lines in Fig. 4 show the respective impe-
corrosion, vary spatially in rate and mechanism on metal sur- dance spectra for homogeneous electrode of the individual
faces due to inherent surface inhomogeneity. A continuing metals and the solid lines are computerized simulation
problem for rapid, in-situ corrosion monitoring has been the obtained using parameters from a nonlinear least squares
lack of methods for evaluating localized corrosion. Electro- fitting procedure. Table I shows the results for the com-
chemical impedance methods have typically been applied to puterized fit of the data in Figs. 3 and 4. Note that the
the study of general corrosion although recent advances take specific values for R as determined from the heterogeneous
into consideration the heterogeneous nature of electrode sur- surface exceed those obtained from the homogeneous sur-
faces (1,2). Scanning ac probe methods (3) and methods for faces polarized to roughly the same potential (-151 my) as
evaluating corrosion fatigue (4) represent some unique appli- the open circuit potential of the heterogeneous surface
cations of electrochemical impedance methods for evaluating (-171 mY). The Sn exhibits a high pseudocapacitance in
localized corrosion processes. There has been evidence that excess of 1000 uF/cm

2 
which is greater for the homogeneous

localized corrosion in the form of pits can give rise to surface, as compared to the heterogeneous sample. The
structure in the impedance spectra (5). A model pit made by solution resistance for the Cu surface was observed to be
drilling through a, Ni coating on carbon steel gave rise to two 34 Q cm

2
. This anomalously high value may reflect a

time constant impedance spectra from which the ohmic resis- geometric variation in the placement of the reference
tance in the pit was evaluated (6,7). A more detailed analysis electrode in the rather resistive 0.1 N electrolyte.
of the impedance spectrum of localized regions using a
frequency-dependent current distribution model has been The anomalously high R values for the heterogeneous case
described (8). To gain a better understanding of how and why might reflect either p.s_:vation of the Sn when coupled
localized variations in electrochemical reactions influence directly to the Cu or the variation might be explained by field
the impedance spectra, a model heterogeneous rotating distribution effects which have not specifically been con-
cylinder electrode (RCE) containing an active Sn alloy in an sidered in this simple model, but have been considered by
inactive Cu matrix was constructed. This system was moti- Oltra and Keddam (8). A more detailed model considering a
vated by the previous work of Isaacs (9) who used this system frequency distribution of alternating curry,ii is now under
to test his scanning reference probe. Our objective has been consideration.
to see whether the impedance of the heterogeneous surface
could be related to the specific impedances of the respective REFERENCES
homogeneous surfaces.

I. W.J. Lorenze and F. Mansfeld, Electrochem. Acta 3!,
EXPERIMENTAL 467 (1986).

Heterogencous electrodes -'re formed by placing drops of 2. K. Juettner, W.3. Lorenz, M.W. Kendig and F. Mansfeld,
95% Sn 5% Sb solder int. oles drilled in a Cu rotating 3. Electrochem. Soc. 135(2), 332 (1987).
cylinder electrode. Impedance measurements were made of
both this heterogeneous electrode, and rotating cylinder 3. H. Isaacs and M.W. Kendig, Corrosion 36, 269 (1980).
electrodes of the pure materials polarized to nearly the same
potential as the heterogeneous surface in aerated 4. M. Kendig and F. Mansfeld, "Application of Electro-
0.09 M Na 2SO,/ 0.01 tA HSO. A concentric Pt screen coun- chemical and Mechanical Impedance Techniques for
ter electrode and a saturated calomel reference electrode in Evaluation of SCC and CF," Corrosion '86, NACE,
a luggin capillary were used. A gold wire pseudoreference Houston, TX (1986).
coupled with an 0.1 ,F capacitor to the reference was
incorporated into the system. The impedance measurement 5. F. Mansfeld, S. Lin, S. Kim and H. Shih, "Corrosion
was performed as described elsewhere (10). Protection of Al Alloys and Al-Based Metal Matrix

Composites by Chemical Passivaton," Corrosion '88,
THEORETICAL No. 380, NACD, Houston, TX (1988).

The impedance for a heterogeneous surface can be described 6. M. Kendig, E. Meyer, G. Lindberg, F. Mansfeld,
as a series of i parallel elements having specific Zi. The total Corrosion Sci. 23(9), 1007 (1983).
impedance is then:

7. M. Kendig and F. Mansfeld, Proc. Fall Meeting
Z = l/(Pi/Z'), (I) Electrochei. Soc. 82-2, 105 (1982).

where P is the area fraction of the region having Z, specific 8. R. Oltra and M. Keddam, Corrosion Sci. 28(1), 1 (1988).
impedance (in units of a cm2). For simple cases, each region
Zi can be modeled as 9. If. lsaacs and G. Kissel, 3. Electrochem. Soc. 119, 129

(972).

Zi' R s + R ,i/(l (j CiC R p,)ai), (2) 10. M. Kendig, A. Allen and F. Mansfeld, . Electrochen.
where R is a polarization resistance, C i is a capacitance for Soc. 131, 935 (1984).

each ree-on and a, is a unitless constant.

Figures I and 2 show plots of log Z vs log u (w is the angular
frequency) simulations of impedance spectra for variations in
the area fraction and series resistances, Rs , respectively. As
the area fraction of the active site increases from low to high
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Table I
Impedance Parai eters Determined from

Computerized Fit of Spectra '
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Can the Kramers-Kronig Transforms be Used for the Acknowledgement

Validation of Experimental Impedance Data?
This work has been performed under Contract No.

Heng Soih and Florian Mansfeld DAAL-03-86-K-0156 with the U.S. Army Research

Dept. of Materials Science office.

University of Southern California

Los Angeles, CA 90089-0241 Reference'

1. D.D. Macdonald and M. Irquidi, J.

Macdonald et al. 11,2) have recently suggested the Electrochen. Soc. 132, 2316 (1985).

use of the Kramers-Kronig (K-K) transforms (3) as

diagnostic tools for determining the validity of 2. M. Urquidi-Macdonald, S. Real and D.D. Mac-

experimental impedance data. It was shown for donald, ibid. 133, 2an8 (1986).

several examples, with often complicated frequency d

dependence of the impedance spectra, that in certain 3. R.L. van Meirhaeghe, f.C. Dutoit, F. Cardon

cases the experimental data and the K-K transforms and .P. ones, Electrochin. Acta 21. 39

matched very well, while in others they did not. It

was concluded that in the latter case the experi- (1976).

mental data were not true impedance data and had to
bedi crdd.4. K. Juettner, 5.3. Lorenz, 5.5. Kendig and F.

Mansfeld, J. Electrochem. Soc. 135, 332

The application of the K-K transforms to a number of 
(1988).

corrosion phenomena which aie being studied in this 5. H. hConcerning the Use

laboratory has shown that severe problems exist with of the Kraners-Kroniy Transforms for the

their use in the validation of imedance data. Validation of Impedance Data," submitted to

These problems become obvious in the simplest case

of an impedance which is a resistance Rs in series Corr. Sci.

with a parallel combination of a resistance Rp and a

capacitance Cd. Fig. 1 shows the theoretical data . ,

for such a case with R. = 10 ohm, Rp = 10
5 

ohm and h

Cd 100 WF. Also shown are the K-K transforms. In

Fig. la the lowest frequency used is 10-
2 

HZ, in

Fig. lb it is 10
- 3 

Hz and in Fig. Ic it is 10
- 4 

Hz.

It can be seen that good agreement between the two

curves occurs only when the K-K transform is carried

out to sufficiently low frequencies. This, of 2

course, also means that experimental data have to he

available for these 
frequencies.

The results in Fig. I suggest that great care has to

be taken in the use of the K-K transforms. The fact ,en it icc, mi 1oo

that agreement with theoretical data is not obtained

if the frequency range for the calculation is not

sufficient serves as a warning that valid data might

be considered to be invalid. The reason for this
prob le. seems to be that the K-K transforms produce 80

valid data only if the real and the imaginary part Io

uf the impedance have reached their dc limit in the

frequency range used for the calculation. These

problems were not noticed by Macdonald et al. (1,2), 1 2-
apparently, because in their systems the impedance

values were very low.

The findings reported here demonstrate that the K-K - - , -

transforms cannot be used for many of the most 0o

important corrosion systems. Very corrosion e0O

resistant systems which can be studied with

electrochemical impedance spectroscopy (EIS) include

inhibited solutions, polymer coated metals and loon

anodized surfaces. In most of these cases the C )

impedance data do not reach a dc limit in the " no

frequency range which is experimentally accessible.

In fact, the challenge in EIS stodies for these tn

systems is the extraction of meaningful corrosion --

parameters from such data. Even for the simple case 0

of a metal corroding in aerated, neutral media it

can be very difficult to determine the paramtters ,

from which corrosion rates are calculated (4). As

shown elsewhere for systems involving a diffusion

impedance or a transmission line, the impedance data 200 ,c som 0,0 000

do not reach a dc limit at the lowest frequencies i'a n' c, 00

which can he measured and the K-K transforms fail

(5)
Nyquist plots for theoretic.) and K-K -rans-

form data; lower frequency limit: 1) 1" m1.

h I mHz, 1) ,. l 8, - lo ohm, M117;

ohm, Cd 100 iF.
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AN IDENTIFICATION PROCEDURE TO STUDY TIlE provide the coefficients pi and qi to be do-

DYNAMICS IF METAL DISSOLUTION IN termined in order to minimize the followine.

AQUEOUS MEDIA function:

R.H. Miloeco 2 L (n) (()

Laboratorio do Electr6nica Industrial Control n=l
e Instrumentaci6n (LEICI), Facultad de InRe-

nierfa, Universidad Nacional de La Plata, 1900 Let us now describe eq. (1) in the form

La Plata, Argentina PG) - Q(C )Z(.) = E( )Q(.) (4)

and and after defining a new polynomial term, 1()),

which takes into account the numerical vales
E.B. Castro, S.C. Real and J.R. Vilche of Q(,,) estimated at l,=nuo, for n=1,2 ..... m,

Institute de Investigaciones Fisicoqulmicas in place of eq. (4) one obtains
Te6ricats y Aplicadas (INIFTA), Pacultad do

Ciencias Exactas. Universidad Nacional de La PC *) 0() 5a) ))(

Plata, Sucursal 4 - C.C. 16, 1900 La Plata, )

Argentina

Using matrix notation, eq. (5a) can be given

by

The LLimation of the transfer function (re 1 t-1impedance can be derived from the experimen- Reis) [ Re(-)

tal data set. The complex impedance diagram I m': j L+)
provides the experimental information which -I2(C"

requires to be transformed in a quantitative where - includes ) at the different frequen-

cathematiwal expression to study the dynamics i a
of corrosion processes. nies and the pi and qi oefficients. To mini

The aim of this paper is to analyze an mize the J function, it was considered that

identification procedure developed to obtain (-,T.,)-l _Tz (6)
the coefficients of the electrochemical impe-

d..nce based on an algorithm which minimizese :T

the mean square error related to the differen where is the transpose of ' . Howex-ti

ce between the experimental and the model 0(.) is unhnown, its value for the k-t

data. tion step was approached using that correspond

The complex impedance diagrams were calcu inc to the (k-l)-tb step. Final_>. a::r the

lates through two techniques. In the first - proper convergence, Qk( ) = Qk-l
( 

) andte hn qu s In thee firsti iz .1 in eq. (5).
one, tile spectral density functions were ) order to mininice in ercdr3)

estimated either by means of the discrete The doveloped identification procedure f

finite Fourier transform of correlation func- data obtained from the two described experi-

nions or in terms of direct Fourier transforms men taI te ion i queds i-s appaI t e s tud' e
of he oriin l d ta rec rd , e plvin airon ,dissol~ition in different aqueous electro-

of the original data records, employing a ]vtes.

pseoudo-randem binary sequence as perturbation

signal. The power spectrum of the signal had

an envelope of the form : = tm[sin(-ftm)/
("ft )]

2
, wIere f = ./2- and tm is the clock

pulse period of tie binary sequence, which was

generated either by software from a digital
computer (PD" 11) or by a low-cost binary-
signal generator built-up in the laboratory.

In the second Lase, deterministic perturl'a-
tions in the foem of typical sinusoidal exci-

ration at discrete frequencies were applied
(Solartron, 1250 frequency response analyzer

and 1186 electrochemical interface).
Data quality and degree of causality bet-

ween excitation and response signals were cha-
racterized by both the squared coherency
spectrum and Kramers-Kronig transforms.

The experimental impedance data, Z(.) =

4'(.) + jZ"(.), were compared with a model
erpressed by the quotient of two polynomial

terms, according to

- ( .) + 1,) II)

where the error - () = "E() + Mr.) involves

both the experimental one, -E, and the dif-

ference between data obtained and mathematical

model. M. for a fixed number of frequencies

( . ,. Under these conditions,

th ecquatinns

= + p + + + p(j.
n  

(2a

ind

) C I a+ q1 (J 1 ..+ + " nq "'I (2b)
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Abstract 'o. 175
Transport Properties of Salt Films on Nickel

in 0.5 N HCI

Mike J. Danielson

Pacific Northwest Laboratory
Box ggMalstop PB-44Richland, WA 99352

The transport of corrosion products acrosssalt films is of major importance in studying
Pitting, crevice corrosion, and
electrochemically-assisted stress cracking
processes. The major difficulty that has
hindered the study of transport across salt
films is the determination of their thickness.
In this study, a nickel chloride salt film is
precipitated on nickel using an artificial pitconfiguration in 0.5 N HCI. it iS necessary
that the pit be corroding -ndr oystate

The technique is based on the observation that
once a salt film is precipitated, the steadystate corrosion rate is independent of the
external potential. If the potential is
abruptly stepped to less anodic potentials,
the current decreases while the film thins and
then returns to the same original current
again. If one integrates this deviation in
current from the steady state value over time,a measure of the amount of salt film that waslost with film thinning can be obtained, Thischarge can be measured using a Princeton
Applied Research Model 179 coulometer in thenull mode. Simultaneously, the AC impedance
is measured at a high enough frequency that
only the purely resistive component isapparent. This change in charge to the changein resistance (R) in coulombs/ohm containswithin it the salt film thickness and electric
field strength. The potential is stepped in
50 mV increments until the salt film
dissolves. The resistance at the point of
unsaturation is necessary in order to
calculate the absolute resistance of the saltfilm. By assuming the salt film to be nickelchloride hexahydrate and using the value forits' molar volume, and determining dV/dR, the
electric field strength across the salt filmwas calculated to be -388 V/cm. This value
indicates a low field (ohmic) transport
process is operative across the salt film,The thickness of the salt film is directlyproportional to the external potential once
the film is precipitated at a constant crevice
depth. For instance, the thickness is abouti microns for a . cm crevice depth when thepotential is 700 mV more anodic than theinitial potential for precipitation. The salt
film thickness is also directly proportional
to the depth of the crevicet Assuming that
the salt film is crystalline but porous, the
porosity was calculated to be 1. E-3. The pH
at the metal/salt interface should be morebasic than the bulk electrolyte (unless themetal contains a component like chromium) andit can be shown that the local increase in pHshould be directly proportional to the voltage
drop across the salt film. This may beimportant to explaining why spontaneous
passivation is Sometimes observed under salt
films.



Abstract No. 176 The simulation of the corrosion process

STUDY OF THE CORROSION OF COATED METALS of coated iron with the aid of a differen-

WITH IMPEDANCE MEASUREMENTS tial aeration cell led to the conclusion
that the cathodic kinetics seems to be con-

J. HUBRECHT Ntrolled by diffusion and the anodic kinetics
J. EREECKEN by charge transfer. The pore resistance

decreases more rapidly in the coating of the
VRIJE UNIVERSITEIT BRUSSEL cathodic sample than in the one of the ann-

Dept. Metallurgy, Electrochemistry 
and dic sample.

Materials Science

Pleinlaan 2, 1050 BRUSSELS, Belgium Scanning electron microscopy and X-Ray

micro-analysis show that the anodic metal/

Introduction 
coating interface oxidation products are

formed, block the coating pores and cause

The AC impedance technique has proved to 
blistering.

Le -y . eCL- uhemical technique In the case of thinner coating layers the
[1-6] to study the mechanism of the cor- influence of the diffusion of electroactive
rosion of coated metals. An important advan-

tage of this technique is that it is pos- species is less important.

sible to characterize tie coating and the

behavior of the metal. References

Experimental 
(1] EPELBOIN I., KEDDAM M., TAKENOUTI H.

J. Appl. Electrochem., 2, 71, (1972).

ARMCO iron coated with ERCUSON AS250 (a (2] HUBRECHT J., VFREECKEN J., PIENS M.
styrene-acrylic polymer) pigmented with red J2 ECtrh. ERc.1, 2IENS 98

ronoxide and strontium chromate has been J. Electrochem. Soc., 131, 2010, (1984)

tested in an aerated sodium chloride solu- [3] HUBRECHT J., VEREECKEN J.

tion. Coating thickness, NaCl concentration [ . ECtr.3. EE N.3.
and oxygen content have 

been the investiga-

ted parameter. The coated samples are moun- [4] WALTER G.W.

ted in a special cell described elsewhere Cot. Sc., 26, 681, (1986)

In an attempt to subdivide the whole cor- [5] MANSFELD F., JEANGAQUET S.L., KENCIG
In M.W.

rosion reaction into its partial processes a 
Cot. Sc., 26, 3, (19 .

special corrosion cell of two identical

electrodes has been build (3]. The coated 6] LEIDHEISER H., GRANATA .D.
metal of both cells is connected electrical- [6) 43, 296, 9.

ly and the solutions electrolyticaily. The Corrcsion, 43, 296,

only difference is the oxygen content in the
solutions. As a consequence one of the
cells behaves as an anode the other as a

cathode. Measurements if mixed potential,
corrosion current between both cells and AC
impedance on the separate cells are then
easy to perform.

The AC impedance have been measured with

a 1250 Frequency Response Analyser and an
1186 Electrochemical Interface both of SO-
LARTRON SCHLUMBERGER. The frequency of the
applied voltage sine wave ranges between 60
KHz and 10 mHz. The amplitude is 20 mV. The
impedance results are plotted in the complex
plane.

Results and Discussion

A typical AC impedance result for sample .(. -

1 (190 9) and 2 (220 p) after 26 days immer-

sion is shown in figure 1. Through the so-

lution of cell 1 N2-gas is continuously bub-

bled, through the solution of cell 2 02-gas.
................................ .......••..........".'

It is explained elsewere [3] that the im- * . 2

pedance of submersed coated iron sheet con-

tains three distinct sections according to
the frequency domain. The flattened semi o , s
circle which is found at high frequencies
reflects the phvsical behaviour of the coa

. .< ~ ~. t-.z.Jencies the double

!ayer and the charge transfer can be charac-

terized and at low frequencies the mass
transport.
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CORROSION INHIBITION IN A GO
2 SATURATED CHLORIDE gle diagram vs p (2). Therefore, mass transport toward

SOLUTION BY A FILM FORMING COEOUND : ASSESSMENT BY a uniformly reactive electrode is not the only rate

determining step and the influence of Q on the diagrams
THE ELECTROHYDRODYTAMIC IMPEDANCE METHOD suggests two possible explanations, one involving a

C 2 1 1 partial blocking of the interface (4) and the other a
D. BERNARD

I
, C. DESLOUIS

2
, F. OLIVIER , T.E. POU, coupling of the electrochemical reaction with a chemi-

B. TRIBOLLET
2  

cal reaction (5).

1 CECA SA (Groupe Elf Aquitaine), 95 rue Danton, For a 10 ppm inhibitor concentration (fig.7) the

92303 Levallois Perrer - FRANCE impedance behavior shows more clearly at high frequen-

cy a blocking effect and a better reducibilit
5 

with p
2 LPI5 CNRS - Physique des Liquides et Electrochimie in the mid region.

4 place Jussieu, 75252 Paris Cedex 05 - FRANCE ror a 50 ppm inhibitor concentration the observed

behavior is now characteristic of mass transport part-

ly proceeding by molecular diffusion through a solid
INTRODUCTION layer (6).

C0
2 
corrosivity in oil wells constructed with ,inual DISCUSSION

carbon steel equipment involves complex cathodic par- TheSO

tial reactions where proton reduction is effected The observed results for C0 2 
corrosivity present

either directly or via the different carbonic species. some relevance with the proposed models so far ;
specie. Thecathodic reaction model of Ichmidt and Rothnan

T h e a n o d i c p a r t i a l r e a c t i o n i s a l s o c o m p l i c a t e d b y ( 7 ) c n s i d r s , ei n t iu n m odh e d i r e c t mp r o t o n dr e d u c t i n

carbonate precipitation and occurence of galvanic (7) considers, in I-, Le direct proton reduction,

couples inducing localized corrosion, its wall concentration being also controlled by the

Since mass transport has been identified as partly dissociation reactions of H
2
CO0

3
.

controlling the corrosion rate, a way to reduce the In the anodic range, the earlier stages of metal

corrosion rate can be to slow down the rate of mass dissolution are ruled by the Bockris mechanism (8) and

transport of reactants or products and, therefore, a are followed by the precipitation of FeCO
3 
(9).

film forming inhibitor can be anticipated as an appro- Therefore, both the anodic and cathodic reactions

priate solution. Partial mass transport control was can produce a partial blocking of the interface. How-

another reason for testing the EHD impedance technique ever, a frequency analysis of the EHD impedance in the

which has been already justified as well suited for LF domain yields a Schmidt number vale tround ICOL

corrosion studies (I). -i.e. a diffusion coefficiert of lO5cm
2
.s

- I 
which

seems too low for H
+ - 

and should rather indicate a
EXPERIMENT47S lourol of the cathodic current by M

2
CO

3 
diffusion.

Steady state and EHD impedance measurements were So presumably, both effects (i.e. partial blocking
performed by means of an electrochemical interface and chemical coupled reaction) can be invoked.

Solartron 1286 and coupled with a frequency analyzer EHD impedance visualized at low inhibitor concentra-
Solartron 1250. Lion a partial coverage of the metal by the inhibitor,

The experiment was carried out in 3% of NaCl solu- whereas at 50 ppm the inhibitor seems to cover uniform-
tion saturated with CO

2
. ly the metal and over a certain thickness.

The N8U carbon steel rotating disc is used as The technique used is thus able to predict accurate-
working electrode. ly the minimum inhibitor concentration enabling a good

The detail of EHD impedance measurement technique protection without localized corrosion. A comprehensive
is given elsewhere (2). study of corrosivity in the absence of inhibitor needs,

RESULTS however to be done in view of those preliminary data.

Steady state measurements CONCLUSION
The cathodic current potential-curves obtained dis- The EHD impedance measurement, applied to a film

play an inflection point corresponding to a limitation forming corrosion inhibitor, is proved to be a power-
by mass transport (curves A and B for a rotating speed ful technique to study the corrosion inhibition.
R = 1000 and 300 rpm in fig.1).

The addition of a film forming inhibitor containing REFERENCES

a mixture of fatty amines and known as film forming*, (I) C. Deslouis and B. Tribollet

leads to a substantial decrease of the cathodic current "Electrochemical methods in corrosion research"
D in figM) for a concentration as low Naterial Science Forum, 8 (1986) 1-11.

(curves C and (2) C. Deslouis, C. Gabrielli and B. Tribollet
as 20 ppm.

In the absence of inhibitor, the current in the 166th ECS Meeting, New Orleans, Oct. 1984.

region of the inflection point is increasing with Q (3) X. Tokuda, S. Bruckenstein and B. Miller

but does not obey the Levich relation. Close to Ecorr J. CS., Vu) 22, n' 10 (1975) 1316-1322.

a similar relative variation of the current is follo- (4) A. Caprani, C. Deouis, S. Robin and B. TriholletJ. Electroanal. Chen. , 238 (1987) h7-91.
wed. Hence, a significant non diffusional component is

hidden in the overall current and so the data are plot- (5) C. Deslouis and iS. Tribollet

ted in fig.2 as I vs Q. The current reduction increases lourn6es d'Electrochimie, Dijon, Join 1987.

with the inhibitor amount (10 and 30 ppm, curves C and (6) C. Deslouis, B. Tribollet, M. Duprat and F. Moran

D in fig.2) and beyond 30 ppm no further improvement J.E.C.S., 134 (1987) t49.
is observed. (7) C. Schmidt and B. Rothman

Werksl.n.Korr., 29 (1978) 237--45.
(8) J.'M. Bockris, D. Dracic and A.R. Despic

Electrochim. Acta, 4 (1961) 326.

EHD impedance measurements (9) 0.1. Ogundele and W.E. White
In the absence of inhibitor, the Bode plots diagrams N.A.C.E., '., ' , n' 2 (IQR() 71-78.

in fig.3 and 4 vs the dimensionless frequency piw/i

(w is the modulated frequency of the disk speed) show
no qualitative difference between the "diffusion pla- * A product by CECA Company under the trade-name
teau" domain (-.V/SCE) and Etor . This confirms the NORUST PA23D

previous steady state result about the similar relati-
ve variations t i!, v . Lith " .2 ye ,ins. *',Lco-
tials.

However, different diagrams are obtained for increa-

sing Q, at variance with the theory predicting a sin-
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INHIBITOR EFFECTS OF PHOSPHINES ON THE CORROSION OF phase lag given by the ratio p/p' is related to the
COPPER STUDIED BY ELECTROHYDRODYNAMICAL IMPEDANCE diameter d of the active site

C. FIAUD*, B. TRIBOLLET**, I. VASTRA 08R 2/3

* UA CNRS 216, Electrochimie Analytique et Appliqude, - - .7V--
Group- Corrosion, 11 rue P. & M. Curie, d
75231 Paris Cedex 05, FRANCE.

where R is the radius of the rotating disk electrode.
LP 15 CNRS, Physique des Liquides et Electrochimie,

tour 22, Universit6 P. & M. Curie, 4 place Jussieu, Table 1 shows that the dimension of the active
75252 Paris Cddex 05, FRANCE. site d increases when 2 increases. This variation of the

blockage with the rotation speed is in agreement with
the DC measurements obtained for a rotation speed high

Phosphines of the phenylphosphine type are effi- enough.
cient molecules for inhibiting the uniform corrosion of
metals such as zinc, iron or copper in deaerated acidic
solutions.It was previously established that the P03 Neutral solution
(0 - C6H5 ) molecule acts through its co-adsorption with
hydrogen atoms at the metal surface (1,2). However, the The same type of experiments was conducted in
distribution of the inhibitor species at the surface neutral conditions (aerated 0.1 N Na2SO4). The corres-
was not investigated, nor was the effect on oxygen on ponding reduction reaction for oxygen is
the efficiency of the phosphines. 02 + 2 H20 4 e 4. gO

The oxygen reduction on copper interface is mass -1 -1
transfer limited, so the blocking effect of the phos- In aosence of Po,. the i. = f(.

-
/2) curve (Fig.

phine can be studied by DC measurements of the current 3a) is a straight line parallel to the correspod;.g
versus the rotation speed of the disk electrode and by curve obtained in acid media and crossing the origin.
electrohydrodynamical (EHD) impedance. This last tech- This behaviour may correspond to different interpreta-
nique consists on the frequency response analysis of the tions: a mixed control of the cathodic reaction, a
system to a sinusoidal speed modulation at a rotating porous layer, a partial blocking of the surface ... In
disk electrode (3,4). In particular when the reactivity the presence of phosphine, the inhibition of the catho-
of the interface is non-uniform, the EHD impeoance shows dic reaction is more effective at higher rotation speeds
some characteristic features (5). In the low frequency (Fig. 3, curve b).
range, the response behaviour corresponds to that of a
uniform accessible disk electrode and in the high fre- In the absence of inhibitor, the EHD impedance
quency range, its response is similar to the response of plots (Fig. 4) answer some of the previous questions
an isolated active site. The frequency lag between the the behaviour is characteristic of a blocking effprt due
two regimes is related to the dimension of the active probably to some intermediate reaction products adsor-
site and to its radial coordinate, bed on the electrode. In the presence of P03 , the curves

(Fig. 5) show the same trends as in acidic solutions,

i.e. a blocking effect of the inhibitor. Although no p
Acidic solution can be obtained and so no quantitative d value car be

given, we may conclude that the dimensions of the active
In 0.1 N HJS04 solutions, the mass transfer of sites in neutral solution are smaller than those ir

oxygen towards She cathode coetrols the reaction acidic conditions.

02 a 4 H
+ 

+ 4 e- , 2820 References

and the limiting current iD of oxygen reduction obeys
the Levich relationship, wereas, in the presence of (1) C. FIAUD, I. DEMESY, S. BENSARSA, M.T. ZINMANN,
P03, iD is decreased, in~icating ,e inhibiting effect Br. Corr. J., 22, 109 (1987).
of the molecule. The iD

-  
f( -/2 curve plotted in

the absence of P03 (curve a, Fig. 1) goes through the (2) C. FIAUD, I. VASTRA, I. DEMESY, 6th European Sympo-
origin, indicating the uniform accessibility of the sium on Corrosion Inhibitors, Ferrara, 1985.
interface. The same curve plotted in the presence of the
phosphine molecule (curve b, Fig. 1) shows two linear (3) C. DESLOUIS, C. GABRIELLI, Ph. SAINTE ROSE FANCHINE,
parts. At low rotation rate, the curve is parallel to B. TRIBOLLET
the curve "a" obtained in absence of P03 and intercepts J.E.C.S., _129, 107 (1982).
the ordinate axis at point A'. This behaviour may cor-
respond to a blocking effect of the P03 molecule. At (4) B. TRIBOLLET, J. NEWMAN
high rotation rate, the curve becomes a straight line J.E.C.S., 130, 2016 (1983).
crossing the origin. An interpretation of these data can
be obtained after analysing the EHD impedance. (5) A. CAPRANI. C. DESLOUIS, S. ROBIN and B. TRIBOLLET

J. Electroanal. Chem., 238, 67 (1987).
The diagrams obtained in absence of P03 , at diffe-

rent iotation rate, in the conditions of figure la, (6) C. DESLOUIS, B. TRIBOLLET, M. DUPRAT and F. MORAN
are reduced by using the dimensionless frequency p ... J.E.C.S., 134, 2496 (1987).
in agreement with the theory for a uniform accessible
interface (Fig. 2). In presence of P03 the different
diagrams are not reducible in the whole frequency range.
The low frequency part of the diagrams is the same for
solutions containing phosphine or not. This eliminates
any layer effect of the inhibitor according to plovious
work (6) " "rconsionless frequencies p > 1, a steep
decrease of the phase shift , is observed in presence of
phosphine, followed by a rise of 1. This behaviour is
characteristic of a partially blocked electrode (5). The
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Abstract No. 179

IMPEDANCE STUDY OF ELECTRONICALLY CONDUCTING diffusion coefficient that was a function of charge
POLYMERS concentration, and changed by orders of magnitude

as the charge concentration was varied. At higher
charge concentration, the diffusion coefficierts

Chi-Hum Paik, and W.H. Smyrl were of the order of 10
- 

cm
2
/sec for all three

Corrosion Research Center polymers.
Department of Chemical Engineering and Materials
Science When compared to the earlier results of the
University of Minnesota impedance behavior of poly(vinylferrocene) (Hunter
Minneapolis, MN 55455 et.al, 1987), the same relaxation processes are

seen in all cases. However, in the case of the
redox polymer, the diffusion coef-rient was only a

Recently, much attention has been focussed on modest function of charge concentration, and
the electrochemical studies of conductive polymers, changed by a factor of two over the entire range .1
Since these polymers exhibit large variations in charge concentration.
both structure and conductivity, there are many
possible applications in electronic and chemical REFERENCES
systems, such as light-weight batteries, corrosion W.H. Smyrl, (a) J.Electrochem. Soc. 132 1555(1985),
protection, sensors, and microelectronic and (b) ibid. 13. 1563(1985), (c) ibid 132,
photovoltaic devices. 1569(1985).

These materials can be catagorized by their T.B. Hunter, P.S. Tyler, W. H. Sm},rl, and H S
differences in structure and redox mechanisms, but White, J.Electrochem. Soc 13-4, 2188(q87).
for the purposes of this paper electroactive
polymers will be divided into two broad classes.
One can be classified as a "redox polymer", where
conduction is by electron hopping between redox
centers attached to the polymer chain. The other
class of polyers, which we focus on here, wore
prepared from monomers of hetorocvclic aromatic
compounds. Electrons delocalized along the polymer
backbone give tiem their conductive proporties.
The moterials studied here were poly(thiopliene).
poly(3-methylthiophene), and poly(pyrrole). All
three polymer were found to have similar impedance
characteristics, related to the processes of (I)
charge injection (2) diffusion in the polymer, and
(3) redox capacitance.

A technique called Digital Impedance for
Faradaic Analysis (DIFA) (Soyrl. 1985 abc) was used
to study the kinetics of redox behavior of the
polymers. In the studies, the polymers, present as
a thin film on the electrode, was charged to a
specific state and maintained at equilibrium. A
modulating input perturbation signal was then
applied to observe the response of the polymer, and
the measurements were repeated at several different
charge states of the polymer. The perturbation was
a multiple frequency voltage signal, and both the
response and the perturbation was transformed by a
Fast Fourier Transform (FFT) so that the impedance
could be obtained at all the input frequencies
simultaneously. A PDPI/44 computer controller was
at the heart of the experimental system, and an
Analogic Array Processor performed the FFT in real
time.

Oxidation of the polymer films occurred by
hole injection into the polymer backbone, with
simultaneaus injection of anions from the
electrolyte to maintain electroneutrality. At high
frequencies, this is the rate controlling process,
and leads to a charge transfer semicircle in the
complex domain. The charge transfer resistance
decreased with the concentration of charge (holes
plus anions) in the films. From the analysis, one
is able to obtain an exchange current density and
a double layer capacitance for the
polvnrrc/electrolyte interface.

At lower frequencies transport of the charged
species in the film was rate determining, and gave
a Warburg impedance whereby both the real and the
imaginary parts of the impedance had an Inverse
square root dependence on the frequency of the
perturbation. Analysis of the date led to a

-- --- ---
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IMPEDANCE ANALYSIS OF POLY(VINYLFERROCENE) FILMS
SPIN COATED ON METAL SUBSTRATES REFERENCES

1. A l. Schroeder and F. Kaufman, J.
Mary Lien and W.H. Smyrl Eleetroanal. Chem. 113, 29q(1980),
Corrosion Research Center
Department of Chemical Engineering and Materials 2. TB, Hunter, P.S. Tyler, W.H Smyrl, and H.S.
Science White, J. Electrochem. Soc. 134, 2198(1987)
University of Minnesota
Minneapolis, MN 55455

Subtle variations in polymer composition,
structure, and means of casting can have profound
effects on permeability. The most important
parameter affecting this is the amount of "free
volume" within the polymer. Electrochemical
behavior of redox polymer films is a strong
function of the density of packing of the polymer
chains.

Solvents and even non-solvents penetrate
glassy polymers and induce backbone motions. In
the presence of any low molecular weight liquid,
the polymer is swollen, and the free volume
increases. The free volume may also change as the
result of electrochemical cycling between the
neutral and oxidized form of PVF (i), the polymer
used in this -!y

PVF films on Pt have been studied recently by
impedance techniques and were found to have three
regions of behavior, characterized by different
relaxation times. At high frequencies, the
simultaneous injection of holes (oxidation of the
ferrocene pendant groups) and anions (to maintain
charge neutrality) is the rate controlling
process. At lower frequencies, diffusion in the
film is rate limiting, and for solution cast films
it was found that the diffusion coefficient was of
the order of 10-

9 
cm

2
/sec (2). At the lowest

frequencies, the finite thickness of the films
cause the impedance to become purely capacitive.
The latter region has been termed the redox
capacity region of impedance.

Spin coating films on ultra flat substrates is
important for a number of technological
applications, and our interest is in developing
thin film polymer batteries. Thus PVF films were
spun onto Pt or Au thin films on single crystal Si
wafers. Electrical contact was made to the metal
film and the electrode was immersed in an
electrolytic solution in acetonitrile (0.SM
tetra(n-butylammonium) perchlorate. Celic
voltammograms of the films were stable for many
hours after the initial break-in.

Impedance measurements were made as a function
-f oxidation state of the polymer film. A mitliple
frequency voltage signal was imposed on the film
and the current response was measured. Both
voltage and current signals were transformed with a
Fast Fourier Transform, and the impedance was
calculated at all the Input frequencies
simultaneously. The measurements (Digital
Impedance for Faradalc Analysis) are performed with
an array processor-enhanced PDP]]/44 (2), The
diffusion coefficients measured on the spin coated
films are more than two orders of magnitude larger
than the films studied earlier, i.e. Ste was found
to be 0'l for the spin coated films. In addition,
the films give evidence of Increased porosity as
determined by Impedance. Both characteristics are
indicitive of greater free volume for the spin
coated films. Other results will also be
described
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AN IMPEDANCE AND XPS STUDY OF PASSIVE CHROMIUM

T.P. Moffat and R.M. Latanision,
MIT, Dept. of Mat. Sci. and Eng., 8-202,
Cambridge, MA 02139

The electrochemistry of chromium has
been examined in acid sulfate media. The
impedance was measured as a function of
potential. Mesurements were done between 65 kHz
and 01 Hz. In IM HS04 . one inhomogeneous
relaxation is apparent in the passive domain.
The dispersion of the response is constant
between -0.1 and 0.6 V SCE and then increases
as the transpassive domain is approached. The
calculated high frequency capacitance, i.e. at
10.3 kHz, yields a simple dielectric type
(potential/film thickness) behavior between
-0.1 and 0.6 V SCE. This capacitance reaches a
minimum at 0.6 to 0.7 V and then increases as
the transpassive domain is approached. These
results are being correlated with angle-
resolved XPS data which yields depth-sensitive
information on the distribution of oxidized
species within the passive film. Additional
work is in progress.

2S6
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PASSIVE LAYERS AND UHV-GROWN OXIDES ON Ni(lO0): A is thus largely amorphous, but contains minor elements

COMPARISON BY AC IMPEDANCE AND SURFACE SPECTROSCOPIES of an epitay different from that which we observed
for the gas-phase oxide. The UV-oxidized surface,

Frederick T. Wagner and Thomas E. Moylan after contact with electrolyte at 1.05 V, yields the
Physical Chemistry Department same XI'S and EREELS spectra as the passivated clean

General Motors Research Laboratories surface. However, LEED still shows the sme, albeit
Warren, MI 48090-9055 weakened, NiO(0O) symmetry which was seen before

electrolyte contact. Thus, electrochemical passiva-

The clean coupling of an ultrahigh vacuum sample tion causes chemical, but not complete structural,
preparation/analysis system to an aqueous impedance modification of the U1V-grown oxide.
cell gives promise of direct spectroscopic testing of Contact of the clean surface with electrolyte at
the adsorption and structural effects inferred from 1.05 V gives anodic charge transients corresponding to

impedance data. We have used such a system to coipare the oxidation of 7 layers of Ni(O) to Ni(II) within 30

lectrochemical passive films grown on Ni(100) i% 10 s and 12 layers within 10 min (steady-state passive
mM BC10 4 with saturation oxide layers grown in UEV by current subtracted). Since these values far exceed

dosing with gaseous 02 at room temperature. The two the mount of oxygen shown by XPS, the current effi-
films share a common component of 2-4 layers of NiO ciency for passivation is low. In contrast, the 11EV-

and share simple impedancl behavior at 1.05 - vs. RHE oxidized surface gives transients of only 0.7 layers

characterized by 20 ,F/cm capacitances and Low (30 s) and 1.5 layers (10 min). Thus, little change
frequency registive or quasi-resistive impedances is needed to convert the UEV-grown NiO into a complete

exceeding 10 0 cm . They differ subtly in chemical passive layer.
composition and structure. The clean and UV-oxidized Figures 2 and 3 show Bode plots of experimental
surfaces differ dramatically in the amount of anodic impedance data (dots) at 1.05 V and calculated fits
charge required to achieve steady-state passivation (z's and a's) of models for clean and UEV-oxidized
upon contact with electrolyte. Ni(100), respectively. Thl similarity of the imped-

ance data and the -3 A/cm DC passive currents mea-
Experimental. The main UV preparation/analysis cham- sured for both surfaces demonstrate the near-
ier was equipped for X-ray photoemission spectroscopy equivalence of the electrochemical properties of the
(XPS), high resolution electron energy loss spectros- films, despite the different elemnts of epitanxial
copy (HREELS), low energy electron diffraction (LEED), order attested to by LEED. T~e double layer capaci-
temperature programmed desorption (TPD), and Auger ties, C, of 18 and 20.8 MF/cm are identical within
electron spectroscopy (ASS). The Ni(100) sample wafer experimental reproducibility. An Rs;.(R IIC) analysis
was Ar -sputtered and then annealed before each exper- (R and R are the solution and charge ransfer resis-

iment to produce a clean, well-ordered surface. In tasces) ot the2UEV-oxidimed surface data yields an R

some experiments the sample was exposed at room tem6  of l.1x10 5 0cm2. The clean surface data yields P

perature to a saturation dose of 500 s of 02 at 10 R t2.5xl0 0cm ; loss of data coherence at low
Torr. The sample was then pulled into a second chm- f~eouencies prevents determination of anything more
her which was backfilled with purified Ar. A -300 Mi than a lower limit for R . The data show a suppres-
drop of 10 m HClO4 was placed on a horizontal Pt disk sion of the phase angle Eanimum relative to that for
counterelectrode with a central Pd-H reference. The the calculated models, despite the use of a single

front face of the Ni(100) sample was contacted with crystal sample which should minimic2 the roughness
this drop under potentiostatic control at 1.05 V vs. elements and inhomogeneities often invoked to explain
RH. A digital coulometer recorded the charge passed such effects. A possible explanation for the low
upon contact. AC impedance measurements were made via phase angles lies in an alternate model; R -(W IC),

a fast fourier transform technique with a PAR 173/276 where if is a finite-diffusion Warburg impedence. The
potentiostat and a HP 5420A digital signal analyzer c (Warburg) and K (thin-layer) parameters [4] for this
interfaced to a microcomputer. The coherence function model (assuming only one important diffusing species)
was calculated to check the self-consistency of the listed in the figure captions give s's and a's on the

impedance data. After all liquid was drained from the same curves as the R R C models sholn. 2For aqueous
cell, the chamber was evacuated and the sample re- diffusion (diffusionscgnstant D-l0- cm Is) these
turned to the main chamber for analysis, parameters yield unphysically low values of the diffu-

sion layer thickness 6 and the AC component of the
Results and Discussion. Pig. 1 compares 0(1s) XI'S surface concentration c . However, if one takes as 6
data for the a)-1-grow oxide and the b) water- the -10 A passive layerSthickness indicated by the

rinsed and c) unrinsed passive layers formed at 1.05 V vacu spe5troscopies, then the K and o values imply
RHc. The gas-phre oxide yields a single (r9) compo- D=10 cT4 /s plausible for a largely amorphous film)
nent at 529.5 eV corresponding to NiO. Nuclear and c =1 /cm . The mathematically more complex
reaction studies have established the thickness of inclusion of a second diffusing species with a slight-
this UEFV-saturated oxide as 2-3 layers [1]. LEED ly different D might account for the observed suppres-
shows the presence of small ordered domains with sion of the phase angle maximum [4]. Whatever the
NiO(1OO) lNi(l0). The rinsed and unrinsed passive physical interpretation of the low-frequency data, the

layers show the same sime NiO-type 0(19) component as very igh impedance magnitudes, compared to the 3-4

the UEV film. The rinsed layer gives an additional MA/ca passive currents, show that there cannot he a
small 0(1w) component at 531.5 eV which disappears simple relationship between the impedance data and the
upon heating to 700 K. Kim and Winograd [2] have kinetics of the passive dissolution process (which
shown that both nickel hydroxide and Ni B give O(s) would appear to be almost completely independent of

signals at this energy. Heating the rigsad passive small potential changes around 1.05 V RHE). Work at
layer to 700 K renyves the O-H stretching mode seen in other potentials should give better access to kinetic
HREELS at 3720 cm and evolves gaseous 02 seen in parameters.
TPD, suggesting that both hydroxyls and a higher nick-
el oxide are present as minority components in the References:
passive layer. The unrinsed passive layer gives third F7P-TP A7 lkemade, S. Deckers, F.B.P.M. Habraken and

O(Is) component at 532.1 eV due to nonvolatile W.F. Van der Weg, Surface Sci. 189 (1987) 181.

Ni(ClO ) corrosion products left behind upon evapora- 2. K.S. Kim and N. Winograd, Surf. Sci. 43 (1974) 825.
tion of the electrolyte. 3. D.F. Mitcheil, P.B. Sewell and M. Cohen, Surface

The LEED pattern of the rinsed passive layer Sci. 81 (1976) 355.
gives strong diffuse intensity plus very weak, broad 4. J.L. Dawson and D.G. John, J. Electroanal. Chem.
spots ascribable to (Ill) NiO [3]. The passive layer 110 (1980) 37.
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EFFECT OF DIFFUSION LAYER STRUCTURE ON at the same rate. (It is usually assumed that the rates of the
THE DETERMINATION OF CORROSION RATES reverse reactions are negligible.) Under these conditions, while

FROM DC TRANSIENT MEASUREMENTS there is no net current flowing through the system, there is a
net chemical change taking place: the corrosion of the metal.

Z. Nagy, P. J. Hernes*, M. Minkoff, Therefore, there must be a continuous flux of reactants to, and
G. K. Leaf, and R. H. Land a flux of produ.'s away from the surface. Consequently, even in

steady state, there are concentration gradients which are pro-
Argonne National Laboratory portional to the corrosion rate, as expressed by Eq. 4. Then,

Divisions of Materials Science, Chemical Technology, however, the initial condition expressed by Eq. 2 is not fulfilled.
and Mathematics and Computer Science Furthermore, the corrosion is a steady state process occur

Argonne, Illinois 60439-4837 ing over a long period of time, and it can not he assumed that
convection does not play a role in the mass transport. The sim-

In the theory of electrochemical transient measurements, plest, but often correct, model to describe the system is the
the equation describing the relaxation of the system after the ap- Nernstian diffusion layer. Nernst assumed that the mass trans
plication of the measuring pulse is invariably obtained by solving port occurs solely by diffusion in a thin, hydrodynamically stag
a set of partial differential equations of the type: nant, solution layer on the electrode surface, while outside of this

layer, convection occurs and it is the predominant mode of mass
ac I(Z, t) 8'C(, t) transport. Then, under steady state conditions, there must be a_ t - )D- a t (1) linear concentration gradient of all reacting species within this

t layer (called the diffusion layer), while a uniform bulk concentra-

with the following initial and boundary conditions: tion exists in the convection areas. A schematic representation
is shown in Fig. 1. Such a situation can exist even in seemingly

C (z,t) = C, for x > 0, t - 0 (2) stagnant solutions because there is always some convection gen-Cz~t)-.C, for r-6, t >0 () erated by unavoidable vibrations as well as concentration andt for ,> density fluctuations. The only effect of mechanical agitation or
Oc"(-,t) If(tf) solution flow is to make the diffusion layer thinner. Then, the

8Z nFD, for =0>0 (4) initial and boundary conditions should be written as:

where C, stands for the concentration of the species taking part C' 0(z, C 0(,O) - C, - C11 0) for 0 < z < 6, t q5)
in the surface reaction; this concentration is a function of the b f 0
distance from the electrode surface (z) and of time (t). )j C,(z,t) C3, for z > Z, t > 0 (6)
stands for the diffusion coefficient, nm is the number of electrons aC)(z, t) i:(t)
transferred in the reaction, F is the Faraday constant, and if is O -forr-0,t>0 (7)
the Faradaic current density.

The initial condition states that, before the application of where is is the cathodic partial current density. For a corroding
the measuring pulse, the concentration of all species at the elec- metal, only the differential equation relating to the reducible
trode surface is the same as their bulk concentration (C,). The species must he solved since the metal dissolution is not affected
first boundary condition states that at a certain distance from by mass transport.
the electrode surface (6) the concentration of all species remains Under these conditions, the differential equation can be
equal to the bulk concentration at all times. This distance is solved only by numerical methods. A series of calculations was
usually considered to be so large that for all practical consider. carried out, for both galvanostatic and potentiostatic pulses, to
ations it is infinity. The second boundary condition expresses compare the relaxation curves calculated using Fq 2-4 with
the equivalence of the rate of the surface reactions (expressed as those calculated using Eq. 5-7. The main variables affecting the
the Faradaic current density) and the diffusion fluxes, results were found to be the ratio of the corrosion current den.

These conditions are correct for a typical redox reaction of sity to the limiting diffusion current density, the polarization,
o - ne = R. In the investigation of this reaction, the mea- and the cathodic Tafel slope. Some examples of the deviation
surement starts from equilibrium, where the oxidation of R and between these calculated relaxation curves as a function of these
the reduction of 0 occur at the same rate: therefore, no net variables are shown in Fig. 2-3 for potentiostatic transients. The
current is flowing and no net chemical change is taking place consequences of this effect for the determination of corrosion
before the application of the measuring pulse. Furthermore, the rates from electrochemical transient measurements will be pre-
measurement is being carried out in such a short time scale that sented and discussed.
convection does not interfere with the diffusional mass transport,
and b can, indeed, be set to infinity.

The situation is completely different for a corroding elec- ACKNOWLEDGMENT
trode because a corroding metal is not in equilibrium, only in This work was supported in part by the Division of Materi-
a steady state. Two distinctly different partial reactions, the als Sciences, Office of Basic Energy Sciences, U. S. Department
dissolution of the metal (M--M" + me) and the reduction of of Energy, and in part by the Applied Mathematical Sciences
a component of the environment (e.g., 21P 2e2tJ1

2), occur subprogram of the Office of Energy Research, U. S. Department
. .. . of Energy, under Contract No. W-31-109-Eng-38.
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Corrosion behavior of a chromium modified the sesicircie. Typical value for Pp and for the
-nickel alloy compared to other alloys. depression of the semicircle are shown in Table 1 for

R. Beaudoin, P. R. Robee and E. Halliop. the two alloys. It can be noticed that theDepartment of P.Rmistry and Chemical Engineering depression is always more important for the chromium
Royal Military College of Canada alloy than for the nibium alloy even though Rp is in

Kioy l, Ontario X 5ge the sa order of magnitude.
This depression of the semicircle has often been

1. Introduct attributed to surface heterogeneity caused by a
distribution of the reaction rate with the location

Tb overcome the difficulty of brazing technique, on the electrode -irface n10). Figure 5 shows a SEM
it is being proposed that the firemains on the new (scanning electron microscope) micrograph of the
ships be of all welded construction. since copper- electrode surface after 10 days in 3% NaCi solution.
nickel alloys for marine usage are superior to other Intergramilar corrosion appears to be an importantcause of corrosion for this alloy whra uniform
alloys, two cast alloys were chosen for intensive corr roion is lily to ha en with usal C-Ni alloys
evaluation: a standard cast 70/30 copper-nickel orros on i ver, there is thcern with
alloy, modified with niobium (M8S C96400) (1), and a in to creiioas. preferei c on rath

nonstandard chromium modified cast 70/30 co r respect to crevice and preferential coroion related
nickel alloy (I4 768) (2). A study of the foundry to t he genrcr e for thiedtype o
characteristics, weldability and mechanical alloys. The general corroion rate for ts type of
properties of these alloys showed that both alloys alloy is usually less than 0.05 mm/y as it is
are satisfactory to specifications (3). measured in this study.

Electrochmical impedance technique is adequate 3. coclusion:
to study corrosion of these passivated alloys. It
can be best adieved by avoiding potentiostatic or
galvanostatic control, thus leaving the metallic It can be shown that, by using an appropriate
surface under study free to find its natural analysis techique, localized corrosion can be
equilibrium with the environment. When the corrosion suspected if not detected with A.C. impedance, 1)
processes are happening uniformly on the surface and from the depression of the semicircle and 2) from the
when this surface is passivated, a valid correlation dispersion of the extrapolated centre.
can be obtained between the charge transfer Table 1. Comparison of the data obtained for the
resistance and the resistance of the alloy to tf alloys.
corrosion. two alloys.

However, fast analysis of impedance cum is
still , problem. Complex curve fit (4) and graphical 03-i P s angle 
methods (5,6) are not simple, fast or easy to use. A (Oms.cm2  % (Deg.) %
geometric extrapolation technique (7) combined with
permutation of the data point has been developed.
This technique makes use of each point of the
diagram. Rejection criteria can be tsed to eliminate (Nb) rest 47400 15 22 13
points outside of the RC semicircle. (Nb) rotation 18900 5 21 12

(Nb) rest 55100 12 22 112. p j :___

The method of analysis consists of finding the (Cr) rest 41900 45 32 10
centre of an arc formed by three data points on the (Cr) rotation 10100 14 28 10
omrplex impedance diagram (7). This analytical (Cr) rest 39200 22 31 7
tednique was first designed to follow the corrosion
current (via 1p) of a prepassivated alloy umder
hydrodyrmic cor ditions especially during fast 4. Re
changes of the inpedance (8).

Refinement of the technique has been achieved 1. "ASIM Book of Stardards. Part 6: opper and
first to obtain an error evaluation on the COpaer Alloys", B369-72 (1978).
extrapolated centre (9) and also to make the best use
of the full impedance diagram. A permutation 2. "COpPer-Nickel-Chromium-Silicon Casting Alloy
technique that coapares each point with its first, IN 768", Preliminary Data -%eet, INO, New York
second, etc..., neighbor generates a large number of (September 1970).
centers' values from which a standard deviation is
obtained. A simple rejection technique has been used 3. C.M. Hanam, M. Sahoo and R.S. Hollingahead, 1983
to eliminate the data that are not part of the AS4 Metals Congress, Philadelphia, Pennsylvania
semicircle created by the impedance diagram. (October 1983).

Figure 1 and 2 shws the impedance diagram
obtained with the 70-30 Cu-Ni alloy containing 4. M.W. Kendig, E.M. Meyer, C. Lindberg and
niobium and the alloy containing chromium F. Mansfeld. Corros. Sci., 23, 1007-15 (1983).
respectively, in the same conditions. If a histogram
is made with the values of Rp obtained with the 5. K. Hladky, L.M.Callow and J.L. Dawson. Brit.
permitation technique previously described, a clear orr., 15, 20 (1980).
differenc between the two alloys can be made as
shown in figure 3 and 4. A muh larger distribution 6. L. Lemaitre, M. Mors and A.P. Van Pateghem.
of the data is sysuatically observed in the case of J. Appl. Electroches. 13, 803 (1983).
the chromium alloy. Another parameter which
differentiates the two alloys is the depression of 7. P.R. Roberge and R. Beaudoin. J. Appl.

Electrache. 18, 38-42 (1988).



8. P.R. Roberge and R. Beaudioin. J. Ap. 8MEAN =45

Electrrsiem. 18, (1988).

9. P.R. Roberge, R. Beaudoin arid E. Halliop. 6
aExsred .7"stract, Atlanta, 9XCS, 1988. To

10. A. Bone1, F. Dabosi, C. ID1cxuis, M. E9prat,o
M. I~dam and B. Trlibollet. J. Electrcchemn.w
Soo., 130, 753 (1983). z
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An Impedance spectroacopy Investligatlon References
on the passivability of amorphous Fe-Cr-metalloid alloys I. K.Hashimoto, T. Masumoto : Mat. Sci. and Eng. 23 (1976)

285-288
2. K. Hashimoto, K. Osada, T. Masumoto, S. Shimodaira : Corr. Sci.

S Virtanen, B. Elsener, H. B6hni 16 (1976) 71-76
Institute for Materials Chemistry and Corrosion 3. K. Asami, K. Hashimoto, T. Masumoto. S. Shimodaira: Corr. Sci.
Swiss Federal Institute of Technology 16 (1976) 909-914
ETH-- H6nggerberg, CH- 8093 Zurich. Switzerland 4. M. Naka, K. Hashimoto, T. Masurnoto : J. Non.Cryst. Solids 28

(1978) 404-413
5. B. Elsener. S. Virtanen, H. B6hni Electrochim. Acts 32 (1987)

927-934
6. S. Virtanen. B. Elsener, H. Bdhni Proc. Eurocorr 87, Karlsruhe

The excellent corrosion resistance of amorphous iron-chromium alloys 1987, 763-765
containing phosphorus as a major metalloid is well known /1,21. 7. B. Elsener, H. Bdhni : Werkstoffe und Korrosion 35 (1984)
According to Hashimoto at al. the role of phosphorus is to accelerate 501-51
the dissolution rate in the active range of the alloys thus leading to a
rapid enrichment of the passivating species in the alloy/solution-
interface /3,4/. The detailed mechanism of the active/passive-transition
of the P-containing alloys has not yet been cleared, though.

The impedance spectroscopy can reveal further Information about the Table 1. Polarization resistances at the corrosion potential
passivation process. Our first results of an impedance spectroscopy Material R tohmcm

2 )

study on amorphous Fe-Cr-metalloid alloys show that phosphorus
modifies the mechanism of the active/passive-transition 15,6/. The I N H2S0 4  I N HC
passivation of the amorphous phosphorus-free boron-containing alloys
takes place through a mechanism similar to that found for the crystalline Fe-17Cr, cryst. 17 751)
steels. 11 382)

E Fe-1OCr-13B-7C 57 580
The investigated amorphous alloys were Fe-10Cr-13B-7C , -13B-7P. 82 970
-13P-78 and -13P-7C, respectively. The alloys were prepared by melt-
spinning and were in form of ribbons. As a reference material a Fe-lOCr-13B-7P 24 17
commercial 17 % Cr steel was used. The alloys were electrochemically
characterized by polarization measurements and impedance spectra 17 6
in 1 N H260 4 and 1 N HCI. For experimental details see /5,7/. Fe-10Cr-13P-70 68 8

esults and Discusson 23 6
The dissolution rate in the active range of the alloys is very strongly Fe-lOCr-13P-7C 1000 51
accelerated through addition of phosphorus ( Table 1. ). Alloying with
boron, on the other hand, decreases the dissolution rate, This 466 18
behaviour is due to differences In the kinetics of the cathodic reaction.
Phosphorus, on the contrary to boron which retards the hydrogen
evolution reaction rate, very strongly accelerates this reaction. The
dissolution rate of the P-containing alloys increases with time. This is 1) 1. Measurement
combined with a formation of a black surface film, which further on very 2) 2, Measurement
strongly accelerates the cathodic reaction. The formation of the black
film leads to high capacitance values suggesting a high porosity of the
film (Fig. 1). The surface of the P-containing alloys is covered by the Table 2. Polarization resistances in the passive range
black film till about E - +200 mV SCE. The XPS measurements suggest
an iron-phosphate film. Material RP (kohmcm

2

The Impedance measurements show that the passivation of the P- 1 N H2S0 4  1 N HCI
containing alloys takes place in two stages. The first current decrease is Fe-I7Cr, cryst. 80
due to blocking of the surface through the iron-phosphate pre-passive
layer. The final passivation takes place In the pores of this pre-paasive
layer. The gradual passivallon of the metal In the pores leads to
increasing values of the normalized charge-transfer resistance and to Fe-10Cr-13B-7C 20
decreasing capacitance values (Fig. 2). The formation of the passvaing
chromium oxide layer Is facilitated through an enrichment of chromium
ions in the pore electrolyte. Fe-10Cr-13B-7P 65

The dissolution rate In the passive range strongly decreases with
Increasing phosphorus content and with decreasing boron content of
the alloys (Table 2. ). Further on, only the alloys with 13 % phosphorus Fe-10Cr-13P-7B 80 18
can be passivated in 1 N HCI. The XPS measurement shtowed that both
oxidized boron and phosphorus get Incorporated in the passive
film.The oxidized boron species possess a low stability in the passive Fe-1OCr-13P-7C 130 S7
range of the alloys and thus lower the resistance of the passive film. The
incorporated phosphorus as phosphates can lower the mobility of the
anions in the film and thus make It more resistant against Cl*-
attack. a cannot be passivated in I N HCI
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Figure 1. Impedance spectra of the alloy Fe-lOCr-13P-7C at the Figure 2. The normalized charge transfer resistance and the
corrosion potential in I N HCI capacitance values at various points of the polarization

curve of the alloy Fe-1OCr-13P-7C
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IMPEDANCE AND COMPLEX COLLECTION EFFICIENCY AT A Fig. 4 shows an example of data processed accor-
RRDE : APPLICATION TO ACTIVE-PASSIVE ding to Eq[3] for Fe. The complex plot of (.Q/IE).(_)

TRANSITION OF Fe AND Fe-Cr ALLOYS is a semi-circle according to
, Q j L Q I A E D ( 0 )

N. BENZEtRI, R. CARRANZA, M. KEDDAM and H. TAKENOUTI T-,E - [4]

LP 15 d: CNRS "Physique des Liquides et Electrochimie, This result directly supports the basic assump-
Universit6 P. & M. Curie, tour 22, 4 place Jussieu, tion of the kinetic model used in the impedance deri-
75252 PARIS Cddex 05, FRANCE. vation. Values of (LQ/.E D ) (0) when compared to the

faradaic capacitances deduced from ZF.D allow to esti-
mate the relative weight of dissolution and passivation.

Non-steady-state regime at a Rotating Ring Disk Integration of (LQ/.%ED ) (0) over a given range of ED
Electrode is able to supply valuable data on the time yields the total increment of charge consumed in the
dependent balance of charges trapped on the disk film growth.
surface by adsorption or film growth (1). In the fre-
quency domain the information is drawn from the REFERENCES
simultaneous measurement of the frequency dependent
complex collection efficiency N( ) = AI(.)/AID()) I. W.J. ALBERY, A.H. DAVIS and A.J. MASON
and of the faradaic impedance of the disk ZF D. This Faraday Discussion 56, "Intermediates in Electro-
is one of the fields of application of multi-channel
transfer function analyzers to orrosion. Experimental chemical Reactions( The Chemical Society (1971).
details were published previously (2). This paper 2. N. BENZEKRI, M. KEDDAM and H. TAKENOUTI
reports recent data on the active-passive transition "Surfaces, inhibition and passivation", Proceedings
of Fe, Fe-7Cr and Fe-22Cr alloys. Volume 86-7, The Electrochemical Society Ed.

E. Mc. Cafferty and R.J. Brodd, p. 524.
GENERAL BACKGROUND

According to a generally accepted model passiva-
tion involves the anodic formation of a surface film. <
Due to simultaneous dissolution and passivation ZF,D

does not provide a straightforward information on the <
film forming process. Charge balance on the disk
surface can be generally expressed as :

F DEx) dQ -06 O9
ID = nFD(Q + [I] REAL PART, 2 F N DIMENSIONLESS

ID : disk current, O: flux of species gererated at Fig. 1 : Dimensionless kinetic collection efficiency
the disk, nD the number of electrons exchanged and re'lative to the disk-Iron.
Q the charge stored at the surface.

Linear form of I] under a.c. polarisation of the 0.1Hz
disk gives

nDF 0 - j AQ Q [2] C - n -091 M .E.

_T 'Dlam, .iS. 0.1Hz
N()= AU/An kinetic component of the collection 031 I |Hz
eyficiency is obtained by correcting N(s) for the 0.3 1.2
transport contribution (2). Charge conservation in the
low frequency limit (, - 0) leads to nDFND(O) = 1. REAL PART / 2 F N D I DIMENSIONLESS

By introducing the faradaic impedance of the disk
[2] becomes : Fig. 2 Identical to Fig. 1. Fe-7Cr alloy.

nDFND(r) = 1 - j, AQ I 1 [3]
FO AQ 0.1 0 01Hz

From [3] the frequency dependence of A (,,) can be cc
gained at any potential providing an a accurate view < Di
of the kinetics of film formation. Z

l01
RESULTS <

"- 5Om Odh01Hz
Fig. 1 to 3 display the complex plot of 2FNO( 0 0 D E

(nD = 2) for Fe, Fe-7Cr and Fe-22Cr alloys in the
vicinity of the Flade potential (A /AED < 0). In Fig. 3 Identical to Fig. 1. Fe-22 Cr alloy.

agreement with theorftical predicti
2
ns (2), for a

passivation process 7m.ND(,]) > 0 . D 01

2FND(J) is close to 1 for iron as expected while
it decreases as ID is increased for Fe-Cr alloys -,

showing a higher contribution of Cr to dissolution. { O

At the same time the diagrams are shifted upwards I-F41
under the influence of dissolution. Fe-7Cr exhibits

clearly a second loop at HF located above the real -2

axis. This establishes the existence of two distinct REAL PART Id Q dE,mF c m-'

charge storing coverages, one involved in passivation
( Jn.Nn(.) > 0), the other one in the dissolution Fig. 4 (aQi'E D) for iron calculated from Eq[3).

mechanism (J,8 .ND(u,) < 0).
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Pitting and Passivation of Al and A comparison of the times at which pitting was first

Al-Based Metal Matrix Composites indicated by pronounced changes in the impedance

(Table 1) shows that the passivation process is very

F. Mazo.sfeld, S. tin, S. Kim, Y.C. Cheng and H. Shih effective for Al 7075-T6, but not for the T73 treat-
ment. Similar problems have been observed for con-

Materials Science Department version coatings in salt spray tests and have been

University of Southern California explained by the presence of Cu precipitates as a

Los Angeles, CA 90089-0241 result of the T73 heat treatment. For Al 6061 it

was found that the removal of the natural oxide film

makes the passivation process in CeCl3 less effect-

Introduction ive. A sample which was degreased only before pas-

It has been shown previously (1,2) that immersion of sivation did not pit in NaCl for 90 days, while the

Al 6061/SiC in 1000 ppm CeCl3 producen changes in sample which was deoxidized before the passivation
A1 6061/Sective oi00 fm CwCip chmakethesfanges iprocess pitted in less than 3 days. However, for

the protective oxide film which make the surface this sample it was found that immersion in CeC1 3 for

much core resistant to pitting. Electrochemical 1 month improved the corrosion resistance of the

impedance spectroscopy (EIS) was used to monitor the passive film significantly. For Al/SiC pitting did

passivation and the corrosion processes. A model not occur for 90 days; however, crevice corrosion

has been developed which describes the observed in- was observed under the O-ring used in the test cell.

pedance behavior as pitting initiates and pits prop- Similar problems had been found earlier with ano-
agate (1-4). Further work has shown that passiva- dized samples (5). Since crevice corrosion never

tion can also be achieved for other Al alloys and occurred for any of the other samples tested, it can

Al-based metal matrix composites. In additional be assumed that it is due to the SiC particulates at

experiments immersion in NiCl2 has been evaluated as the surface. For Al/graphite pitting did not occur

passivation process. Surface analysis with scanning for 40 days which is a result of the improved corro-

Auger microscopy (SAM) has been used to determine sion resistance of the Al 6061 face sheet.

the composition of the films formed by chemical
passivation. Preliminary results of the SAM study have shown that

the films formed in CeC1 3 consist mainly of mixed

Experimental Approach and Results cerium oxides and Al oxides. Aging in air (espe-
cially at elevated temperatures) converts the film

Passivation in CeCl3 has been carried out for Al into Ce02 which has a yellow color. The corrosion

7075 in the T6 and the T73 condition, Al 6061, Al resistance of this film is being determined at

6061/SiC (25 v/c of lObum particulates) and Al 6061/ present.

graphite (55 v/o of P 100 graphite fibers, cladded

with a 50 pm face sheet). Immersion at the open- The next step in this on-going study will be an

circuit potential was carried out for one week in evaluation of the passivation process in other rare

most cases. During this time EIS-data were col- earth chlorides. As a comparison to the results in

lected on a daily basis. The corrosion tests were CeCl 3, passivation in 1000 ppm NiCI 2 has been used

carried out in 0.5 N NaCl, open to air, until pit- for Al 6061. In Fig. 3 pitting occurs after one day

ting occurred as indicated by significant changes in immersion in NiCO2 as indicated by the low-frequency

the impedance spectra and by visual observation. It behavior of the impedance and the corresponding

was noted that the surface preparation was an impor- second maximum of the phase angle. Apparently, pit-

tant factor in the passivation process. Tests were ting attack stops during further immersion in NiCI2
therefore conducted for samples which were degreased as can be seen from the changes of the impedance
only and samples which were degreased followed by between the first and seventh day of exposure. How-
alkaline cleaning and deoxidizing. ever, when this sample was immersed in 0.5 N NaCl,

Fig. 1 shows Bode-plots for untreated and passivated 
pitting occurred in less than 3 days.

Al 6061 as a function of exposure time to NaCl. For Conclusions
the untreated sample impedance spectra which are

characteristic of the pitting process were observed Immersion of Al alloys and Al-based metal matrix

already after only one day. These spectra show a composites in CeCl3 greatly improves their corrosion

decrease of the impedance in the capacitive region resistance. The degree of improvement depends on

as pits grow and a transmission line type frequency the alloy chemistry, presence of particles such as
behavior at the lowest frequencies. The spectra in SiC, surface pretreatment and time of passivation.
Fig. I can be fitted to the model discussed pre- For Al 7075-T6 passivation in CeCl 3 produced a sur-

viously (1-4) as shown in Fig. 2, where Rs is the face with a corrosion resistance which was similar

solution resistance, Rs the polarization resistance to that of a surface treated with a commercial

of the passive film, Ct the total measured capaci- chromate conversion coating.
tance, Hpit(eff) = Rpit/F the polarization resis-

tance of the pit, n the slope of the impedance curve EIS is a very powerful tool for the monitoring of

at the lowest measured frequencies and FK a parame- the passivation as well as the corrosion processes.

ter of the transmission line impedance. F is the The type of corrosion occurring can be determined

fraction of the surface for which pitting has oc- from the impedance spectra using the pitting model

curred. So far it has not been possible to obtain (1-4). Further development of this model should

the values of Rpit and F separately from the fit. allow determination of pit growth rates from the

Excellent agreement between the experimental and the values of Rpit and the fraction F of the area which
fitted data is observed. For the passivated sample is pitted.
(Fig. 1), the impedance spectra did not change for

one month which indicates that the surface was very Acknowledgment
stale and did not suffer from localized attack.

For this sample pitting did not occur for 90 days This work has been funded by the U.S. Army Research

immersion in NaCl as shown in Table 1 which gives a office under Contract No. DAAL 03-85-K-0156 and the

summary of the tests with passivation in CeCI3 . office of Naval Research under Contract No. N00014-

88-K-0034.
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Material pretreatment t(day)

A l 7 0 7 5 -T 6 d e o x i d i z e d t p > 2 4 _ __-- ]_°

Al 7075-T73 deoxidized tp , 1 i dy

Al 7075-T73 degreased 
t
p 1 1 2 2.d .7

Al 6n06 deoxidized tp 3

Al 6061* deoxidized tp 29 -

Al 6061 degreased tp >90

Al 6061/SiC deoxidized t p g9

Al 6061/Graphite deoxidized t p >40 3

*1 month CeCl3 
treatment.
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MECHANISM FOR THE INITIATION OF ALUMINUM ETCH TUNNELS Results of experiments, in which the applied
current was interrupted for 0.1-1 ms at 20 ms intervals

B. J. Wiersma and K. R. Hebert during tunnel etching (4), vere used to evaluate k. An
interruption time longer tha, 0.1-1 Os was necessary to

Department of Chemical Engineering passlvate tunnels. The current balance model was used
Iowa State University to derive a relationship between the passivation time

Ames, IA 50011 and the rate constant for passivation. The solution to
the differential equation obtained when Eq. [11 is
differentiated with respect to time and the kinetic

Galvanostatic etching of aluminum in a hot expression for passivation substituted is
aqueous chloride solution produces two regularly
shaped and reproducible corrosion structures. Cubic s = (dvs/dt) sin(.t)/m [21
etch pits, which occur due to dissolution on the (100)
crystal planes, initiate at sizes between 0.1-1 pm. where (d-s/dt)o is the slope of the transient just
An etch tunneI forms as the sidewalls of an etch pit prior to 30 ms, and m is a parameter m

2 
= idk/c , where

passivate and the active area becomes localized at the k in the rate constant for passivation. With appro-
bottom face (I). As the tunnel penetrates the metal, priate experimental values for the constants, the
the sidewalls are continuously passivated so that the model predicts that the potential dips to a minimum
tuonel width remains nearly constant. Since the 50 mV below the critical repassivation potential and
transition from cubic to linear growth is accomplished returns to this potential in 1 vs. This prediced
hv -assivation, an investigation of the process by behavior agrees with the experimental transient in
which etch pits transform into tunnels may lead to an Fig. 1, and therefore supports the proposed passivation
understanding of the repassivation mechanism in mechanism.

corrosion pits on aluminum is chloride solutions.
After the short passivation transient at 30 mu,

The etching experiments were performed with the original etch pits are either partially or
99.99 N aluminum foil in 1 N HCI at 65 'C. A constant completely passivated, and, since the potential
anodic current of 10 mA/cM

2 
was applied and potential remains constant with time thereafter, then, according

transients were measured with respect to a Ag/AgCI to Eq. [11, the total active area in the pits is
reference electrode positioned far away from the controlled at a constant value. This control can be
aluminum surface. Scanning electron microscopy was accomplished through the potential dependence of the

used to determine pit and tunnel morphology. passivation reaction, since the surface is at the
repassivation potential. It is proposed further that

An example of the potential transient for the the active area within individual pits is constant,
first 100 ins of an etching experiment is shown in and that this requirement causes the cubic pits to
Fig. i. Etching phenomena within this time period transforr int the tunnel geometry. Fig. 2 shows a
have been studied previously, using a current balance cubic pit of depth ro in which, during the initial
model and pit size distributios measured with dil pasuivation. the oxide film has advanced a distance x,
(2). During the first 28 ins, etch pits nucleate down the sidewalls. If rhe remaining active surface
rapidly on the metal surface, and no passivation takes continues to corrode io the <100> direction, then at
place. The applied current Is suppled by cspacrl-t - lnter rl at whIch the nit has reached a wIdth
charging and by metal dissolution. At 28 ms, the 2r, the oxide film will have advanced to a position
slope of the potential transient changes from -150 V/s x, given by
to 0 V/s within a time of about 1 ms. Since the
capacitance is 9.6 sF/cm

2
, the metal dissolution 8(r-x)r + 4r

2 
= 8(r -xs)r, + 4r [3]

current is reduced at this time by 1.5 mA/cm
2
, or 0

10 %, in order to maintain the constant applied since the original active area has been preserved.
current. The potential at 28 ms is near the critical Eventually, since Eq. [31 indicates that the oxide
repassivation potential of aluminum. The dissolution film advances faster than the pit growth velocity, the
current reduction occurs by passivation of active area film reaches the corners of the pit, after which the
in the pits. requirement of constant active area dictates that

lateral expansion of the pit stops, so that further
At about 30 vs, a 10-40 mV dip in potential in a growth would proceed as a tunnel.

time of about 1 vs is observed in transients. It is
hypothesized that this negative deviation from the Eq. [31 indicates that tunnel growth should he
critical repassivation potential provides the driving preceded by a short region of length no more than 1.7r,
force for sudden passivation of much of the active in which the width expands by a factor between 1 and
pit area. Because of the small pit size And time 1.7. SEM micrographs of tunnels show that this width
interval, changes in potential with time due to expansion is frequently observed near the mouths of
concentration or potential gradients associated wito tunnels; a contraction in width is never observed.
individual pits are small and may be neglected (3), Further measurements of tunnel shape profiles will be
so that any change in the experimentally measured made to test quantitative agreement with Eq. [31.
potential is associated with the surface potential.
The current balance is References

I C d-/dt + I dA(t)/k [1] 1. R. S. Alwitt, H. Uchi, T. R. Beck, and
a s oR. C. Alkire, J. Electrochem. Soc., 131, 13 (1984.,

in which l. is the applied current density, C 2. B. J. Wiersma and K. R. Hehert, Electrochemical
capacitance, ,, surface overpotential referred to the Society Extended Abstracts, Spring Meeting,
repassivation potential, id metal dissolution current May 15-20 (1988).
density, . the surface pit density, A(t) the average 3. J. Newman, D. N. Hanson, and K. Vetter,
pit area at time t, and r current efficienty for metal Electrochim. Acta, 22, 829 (1977).
dissolution. According to the hypothesis, when 4. . . Alwitt, private communication (1987).
• " 0, the time dependence of A(t) is determined by
the passivation rate, which is assum.d, for simplicity
to depend linearly on the surface overpotential.
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Figure 1. potential transient in etching experimfent.
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Figure 2. Cross-sections views of an etch pit.

(a) Pit after initial passivation, at 28 
ms

in Fig. 1.

(b) Pit after further growth, during

which active area has been kept

constant. Transition to tunnel occurs

when x - r.
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Abstract N-. 18q

THE ROLE OF SULFIDE INCLUSIONS ON INITIATION OF consideration of diffusion and sigration of ions,
CREVICE CORROSION OF 304 SS potential-dependent dissolution of 'loS incTlslons, and

a critical breakdown condition based on the local
Stephen E. Lot and Richard C. Alkire concentration of chloride and thiosulfate ions. Namer-

ical calculatlons were carried oat to predict the time
Department of Chemical fnineering at which initiation of crevice corrosion would occur.
and Materials Research La.,oratory It was found that predicted behavior was in agreement

University of Illinois, Urbana, 61801 with experimental data

The initiation of pitting and crevice corrosion The model was used to construct diagrams for pre-
on 304 stainless steel is generally reconized to dictiog conditions ander which initiation of crevice

occur at sulfide inclusions. In this stodv, the inset corrosion on 304 S0 could be avoided. Figure 2
of crevice corrosion was investigated both enperi- illustrates results for a range of crevice geometry,

mentally and theoretically by: (a) determining the applied potential and inclusions density iN). The
mechanism of depassivation in the presence of lnO region below the lines corresponds to operating
inclusions, (b) modeling reaction and transport pro- conditions under which initiation will not occur.
cesses in crevice regions, and (c) comparing model Abovo the line, the thiosslfate chloride ion bildup is
predictions with data obtained In an instrumented sufficient to trigger breakdown.
artificial crevice cell.

The consistent agreement found from a varieta t

The following work is based on previosly experimental and numerical routes serve t sunprt th.,
reporteh experimental 'indlngs (11 that chromium proposed "thiosulfate entrapment" mechaniso.
liosolution and acidification is a consequenco, not a
cause, of corrosion initiation. In the present work, ACKNOWLEIMCES4NTS

the hypothesis is further suggested that initiation
,ccoro first in the vicinty of sulfide isnelasis, cinasciol support was prosihed ho the 'epartoent
the dissolution of which alters the local uclution Energ ((,rant 110

R 
via the 

0
caterialn Pesearch q ...

composition and leads to passivity hreakdown. received fellowahip suppart 1ron the xxon Fduraction
Foundation, I9" Corporation, and T'nion Carbide.

A series of controlled dissolution experiments
were carried out 'with Mng electrodes in deaeroted 0.1 RFFFiRENCFR
N Natl. By qualitative onalosis, it was found that

the products of the MnSO oxidation were elemental 1. S. P. Lott and R. C. Alkire, "lariat ian f hal iti
sulfur and thiosulfate. So quonritatine onolosis with lomposition During Initiation of Crecie v ,crroai.'o
se of a IIV spectrophotometer, it was found that 0 Stainless steel," Corrosion acico, is ores..

coulombs passed per mole of thinsolfat pruudoed. In

addition, it was found that elemental sulfur was Lri-
duced on the surface, and the pH did not decreaso ative
daring M'S dissolution. Based on these data, it is E aciv

saggested that the disoolat ion occurs as - ,

211
+  

MnS = Mn
+ 2 

, S + 1t pssv

A series of galvanostattc experiments were

carried out with 304 SS electrodes in solutions of
combinations of thiosulfate and chloride

ions. Figure I summarizes the results; each point ,. o1 1- ,sn.
represents an experiment In which the electrode either Cloride Concentralian. M
became active or remained passive. For conditions

above the solution line, the stainless steel became
depassivated. These resullto suggest that entrapment Figure I Experimental measurements of conlitions ner
of thiosulfate within a crevice, along with ingress which 304 s becomes ac;ive or remains passive durisc
of chloride ions by migration, may cause local dissolution at 29 s!cm- in deanrated Nad1 'Na 5
depassiyo inn in the vicinity of sulfide inclusions. solutions.

An artificial crevice cell was fabricated by Critical Breakdown Conditions
placing an optically flat glass disk against an - 7

optically flat metal disk (2.h4 cm dia that was
polished to various roughnesses, the valne of which E , __

served to determine the crevice gap. Crevice gaps ' .

between 2.7 and 9.2 ± 0.2 m were investigated. The

crevice was formed at "time nero" by bringing the two
sirfaces together with use of a modified microscope

stage. The time at which corrosion initiated, deter-

mined by direct electrochemical measurement of current,
was found for various gap settings, applied potential,

and inclusion density. In general, initiation was
slower in the presence of large gaps, negative applied ......

potential, and low inclusion density. For sufficiently Palenial., mm SCt

extreme valoes of these parameters, it was found that
intiation of crevice corrosion would not occur. Figure 2: Theoretical cal culat Ions of opcrit ln

conditions (geometry, appli ed potential, Io-l:s in
A mathematical model was developed to simulate density) under which a crevice in ln0 4 p iyr,"iil" t.

transient transport and reaction phenomena which occur become active (above the line) or remain panivle ('cl
pon formation of the -reoice. The model incloded the line).

" r'i



A MICROELECTROCHEMICAL PROBE WITH the surfacei, as shown in Pig 1. Each wire-segment coribinaus
SEGMENTED ELECTRODES (MEPSE) FOR addresses a site inside the segmented tube. Potentials were scanned
SENSING LOCALIZED CORROSION AND electronicallIy by means of a rultiplexer to produce Type I protfiles.

SCALING BY POTABLE WATERS The electronic currents between segments wer measured with a
PAR coulometer. All of the above measurements were performed
with segments coupled or uncoupled to each other or coupled to Al

H.B. Sierra Alcitzar, K. Kern. G. Mason, P.D. Nguyen anodes. The latter being fotr the purpose of determining the throwing
Pinnacle Research Institute. Inc. power alterations* produced by scale. The Type 2 profile (throwig

10432 N. Tantau Avenue power) is formed with the ionic currents to each segment: it Wa,
Cupertino, CA 95014 calculated from the measured electronic currents to the segments.

The response iof the MEPSE sensor was measured while flossing
four types oif water through the MFPSF dcionized water. deareatedPotable water can corode or scale the distribution ss stem and decionized water (DDIi, corrosive water with a nomrinal

,Ippartenunces in which it flows Or resides, causing enormosus langelier-Rvznar (1.R) index of -1.I and scalinc water with at IA
economic problems, nuisance, and even contanmination by corrissttn index of IA1. The last two types were Prepared frosm a commnn
prtoducts that might threaten public health. Fxcesstve scaling canstcofCapin .rnaapwtrI.(iihaLngiesde
reduce pipe carrying capacity or completely clog pipes. of 1.2. The chemsic~al charatrnstics of this waiter were further altered

The water chemistry and the natutrof the internal ptpe surfaces bvsdissolvin 1.(X fCCad315gN~ e a i
change with time and location in the distibution systemn It is I iK g"fIa~ n ISgN11pr a i -necessary to monitor the corrosion damage or scale build up at water to increase their scaling and cosrrosive potential 1The Lk
representative and critical sites, sit that preventive tction ciii be taken indexes of the coirrorsive and scaling wraters were inbined fromrr
locally or at the central plant. The senisor needed for this tisk should altered C-U water hv btibbling (0. or N, rc,,pcctiiely
be atble to monitor the general and locatlized corrosion ratces, its well The potential prisfilc s Tspc Ii Iirr 1)1)1 corrstsise intl scalI ing
as the scale build-up rates in real time. The ec(nontic impotance oif a water are shown in F

t
ig 2. Thle 1)1) watter shotws %cry stiatll

network oif corrosioin/scaling sensors is proportional to the annual locali eed variations in poiential compared with the c-sm i~ 'si Crisl
cost isVcorrosion of waiter distributioin systems and associated scaling waters. The scalinig w tier mreasuremrents w ere iri tiedo it:he
customer installations iresidential. industrial and commiercial sitfitce already coroded h previnits exspositin iso cisrrtisse w tier
plumbing systems). This cost has been estimsated to be as high as 12 diirmts three weeks. This might espiti tire sirirtlr Ils,c;
billion dollars in the United States by Miller Mttrgar, et ai (Il. This s ani tim in pottetiail in both potential profile, T he DU lersci, were
paper deronstrates the feasibility tof concepts that can lead tis the hisser fitr the seal ing water thi ugh - Other poiest ri prii no.t
development of a senso~r ts miake scaling and corrosion corntriil shown resvealed large pitesntial ariatiton, ins , cterh.itba i
measurerment risore effective. previioisly utilized to determine polarizatin curs e, i60 II Cr\Wesatr

tLocalized corrosion can be detected in situ and tsr real time by front rest Potential) iotr ipedance speclrosseopy - referrrrl .il
identifying anodlic and cathodic sites. The aniodic reaction involve 's antd corrosion was pbvsicalls' obsers d it uch sites 1-r.1is
the release oif electrons that travel electronically tio the cithodic was alsit iobserved as lag (e tilIfron ly pc I profi le, - i",:
reaction sites, and can be. in principle. measured with a 7croi current peaks ifrrom Type 2 priofiles) ureasired titer rise d~rrr
impedance ammeter in a segmented electrtode. The circuit is AC arid D)C resuete ti e concluded. T-he is tnm plser W1
comtpleted by the movement of ionic species in the electrolyte. Al itixies located at fe.w Inches diwnstreai friont the %11II'S[ %tsr
Positive tons ate created in anodic sites, and a positive ion current is higher tinder scaling cionditionrs than tinder csrresiis oni',11trrr
established towards cathtodic sines. Small potential changes between show n in the 1001C Current icibtylic prOitcritin LUCssrrnts sOtfsr
anodjic and cathodlic sites are developed iii the electrislyte. and can be (e- itr current distobutin with time occurred in ill tc ,I
used to map localized corerosion. There is a reciprocal'ieffect between distisict differences reitaesl betweets cssirtis id ii,)ciashnwig
scaling and corrosion. Near anodic sites a liower pit will des eltp. 'lo perforir clectrislserical rieIirrrst cl .1ud ,i pisla.rs/iil"
cointributing tis the destabilization of the water. Scaling can result curves. inipedantc spec trosciopy. etc 5 a wirei ,s ., "51 ts r e
frosm deposition osf salts (carbonates, silicates.....1 frotm an auiii iiarv e lectrode . the con io 5sn w 5re, is. - - i ate i .1s t
oversaturated electrolyte in the vicinity of the mietal electrodse ipii pseuit~rferencc electode. The effectrse 555cr .ire.i ,5 fI depensd o-
Scaling can also be the result of coirrosion prodluctis depositing at (tr factiorsuich as, electritlyte cittsucti, city - tisrimtc be tnIt n 5I' 111d sr
near the anodes. Cuprous toxide sor iromn oxide produtcts can fiorm mricrioprobe, reacition ,kinetics. anid I tite sirt ir crikiIc
flow reducing tubercles in steel ir copper ptpes. If scaing is at
harrier for electron transfer general corrosion will decrease: if it Is ittpedattce spectrt sir cttrriisivie intl sealsir ci Itiwl, it hoss ire 1i~
porous or discontinuous, however, localized coirrosion is increased. migr 4arTe with! seicreis reinetl bs irsi~tc sst rI...I etoldsu

Generally, film quality increases with increasing alkalinity, aicrto-an winthol derasigfliiesc C -d(01 is rnds.ite rh rosr wp der
calcium hardness, and velocity of floiw in the system. igher atsrtincnrs.Udrsaigsird ut tV tisr ire.sic5tempeatur. orpresnce f chorids an sul ite decreus the apparent, Indicating par tial tfitsti citrol by the scatle sit Mril

temeraure orprsene o chordesandsulats~dcre~c he with flo'w rate changes Specific capaicisltice cbaric trarisercprotective action of the calcium carbotnate films Since thes reiitne niitcitieiscd resistince cain be es'\tri c frots ?sr
parameters vary with location in the distribtioin system, it is high frequiency arc front birth Imipedance spectrai li c clipe e
impoirtanst no have a dtributed network ofV eotrrosion/scaling sensoirs determitiei frrn D)C oteirCNrrrerisf with the three fu~n it~ x utru 4I
that will enable plant managers tis determine in real tittie the chenicil IDC and AC determined cisrreiin rates were cssiil.trahle I lieher
doses necessary ftsr stabilizattion.

Isaac et al. i2) have recorded the portential gradients in the capacitances 3 )lr/cns, and lotwer corrsions rites sit 1 Pt\r

solution near a corroding metal and Sierra A Icazar ci al. (3) have wertrae l ton or thise itndide tcisritsocisaituts hrion rtc ceise
reciorded the potential of micro-areas insa metal tube. The approach corro as an trer fon mutindrchgrri coiisis bus sin or

involves closely scanning the mnetal surface (typically at 0.1 miiroinwsa rero arid ihr ncroi .c
with a very fine microelectrossi and recording the potential difference
with respect to another electrode in the electrolyte hulk. In this ca se Acknowledgement for support of this work is here essesr to
the potential signals indicate the direction of ionic currents flowing in the Department (if the Ainsy Ciinstrticttin anti Viiesiienic Reseir, I
the electrotlyte. Calibration is necessary because the amplitude of the Laboratosry. SlUR programn
potential depends critically on the distance of the micriselectrode frosm References
the metal surface, furthermore a significant part of the tunic currents I. I Miller Morgan. 1 M Waiski, %I A (trcy. Ie c, nicil Recssri
flows undetected between the micrtelectrodle and corroding metal. 11 4-. i(191N4), ITIC Nor AD)-A144 f670

In order to simplify the scanning of the ID surfrtce oif a tube, the 2. IIfS. Isaacs, Y. Ishikassa. 1. lilectrochrrcn Six. 132-6. 1 IQSis
MEPSE sensor uses a number tof pairs of ()15 indiameter wires 3 11. B. Sierra Alcaiar. %I C It Mectibre. ljXesel'pjit7I t .-

(Ni-Cr alloy) in the function ofmuncroprsbes and running parallel to Scanning M~icro -llctochitnutal Probe ito Siis littItt slr iri
the ID nsf tube segments (at approximately 11.(1X17 in. distance from Cienerattirs', Frinal repot (SRI prisies 1s2S Si. fsot I PlRI !'s 1

4 S IBarnarit. idecroinuisca Aet. 151 12510 Sl
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FThe Influence of Deep- Level Elect ronic Defects
oin Characterization Methods
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Results and Discussion
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ionizatioau of deep level defects. It should be noted that these 2 • 5 1 1
effects could be attributed either to a nonuniformt dopant dis-
tribution or to ionization of inter -band states with applied po-
tential. Sub band gap photo excitation of electronic states or 2.0

observation of a frequency-dependent capacity could be used

to facilitate distinguishing between the possible causes of this

behavior.t4
1.5
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Figure 2. Total donor concentration (including inter-band and
dopant species) as a function of depth for curve (b) of Figure

1 with applied potential as a parameter.
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Abstract No. 192
Corrosion Inhibition of Steel By We believe that further improvements to

Phthalocyanine Coatings corrosion inhibition effectiveness can be
achieved by understanding the nature of the
electronic effect operating at the
metal/coating interface. It is possible that

S. Hetriarachchi, R.B. Wilson Jr., Y.W. Chan Fe(III) centered phthalocyanines provide an
SRI International, Menlo Park, CA 94025 electronic barrier

7 
for the charge transfer

V and process by increasing the band gap across the
VS. Agarwala metal/semiconductor type interface. This

NADC, Warminster, PA 18974 interpretation is under further investiga-
ticn at the present time. Once this effect

Among the macrocyclic corrosion is completely understood, it will be possible
inhibitors studied, phthalocyanines appear to to choose the appropriate metal ion that will
be the most effective class of corrosion result in the highest band gap.
inhibitors because of their multi-
functionality. As a result, the interest in Another attempt we made to improve the
phthalocyanines as corrosion inhibiting degree of corrosion inhibition of
coatings has been rapidly growing in the polyphthalocyanines by filling the void
recent years

I- 3
. Phthalocyanines have between the phthalocyanine molecules in the

several attractive features in that they have polymer network with additional surface
a large area per molecule, show strong anchoring groups was not successful.
adsorption on metal surfaces, exhibit good However, we believe that this approach has
lubricating properties

4 - 6 
and have good potential to improve inhibition efficiencies

electronic conductivity when appropriately and should be pursued further.
doped. Thus, while inhibiting corrosion,
phthalocyanines are capable of retaining the
surface conductivity of a metal.

Referenes
The electrochemical experiments were

conducted with steel in 1% NaCl of pH = 2. 1. S. Hettiarachchi, Y.W. Chan, R.B. Wilson
AC impedance spectroscopy was primarily used Jr., and V.S. Agarwala, Paper No. 223,
in the corrosion inhibition studies. CORROSION'87, March 9-13, San Francisco,

California (1987).
Phthalocyanines studied included metallo- 2. S. Hettiarachchi, Y.W. Chan and R.B.

phthalocyanines and metallo-polyphthalo- Wilson Jr., Final Report to Naval Air
cyanines [TCPC] containing various metal Development Center, Contract No.
ionic centers such as Co(II), Fe(III), N62269-85-R-0290 (1988).
VO(IV), Cr(III), Si(IV) and Zn(II). Among 3. S. Hettiarachchi, Y.W. Chan, R.B. Wilson
these phthalocyanines the highest inhibition Jr., and V.S. Agarwala, CORROSION Journal
efficiency was obtained with the Fe(III) TCPC (1988), in print.
coating that showed an inhibition efficiency 4. L.C. Lipp and E.N. Klemgard, Lubrication
of 82%. It is interesting to note that Eng., 22, 187 (1966).
although the addition of chromium and silicon 5. G.Salomon, A.Begelinger and A.W 7. DeGee,
to steel improve its corrosion resistance, Wear, I0a, 383 (1967).
the degree of inhibition provided by Cr(III) 6. NASA NTIS Technical Note, NTN86-1116,
TCPC and Si(IV) TCPC were 52 and 64%, much October (1986).
lower than the degree of inhibition (82%) 7. F.C. Jain, J.J. ,osato and K.S. Kalonia,
provided by Fe(III) TCPC. This result Paper presented at the Materials Research
clearly shows that the corrosion inhibition Society Symposium, April 5-9, Reno, Nevada
is not totally due to a coverage effect, but 1988).
tuat electronic factors are playing a
significant role in the interfacial corrosion
inhibition process. This effect was also
observed with unpolymerized phthalocya-ine
coatings containing five and ten carbon alkyl
chains indicating the presence of an

electronic effect in the inhibition process.

Recent studies conducted by us show that
unpolymerized phthalocyanines containing four
aliphatic chains (five carbon and ten carbon)
with Fe(III) metal ionic center
tFe(III)TCACPC](Figure 1) and(Fe(III)TCAUPC]
(Figure 2) respectively, gave higher
corrosion inhibition than the corresponding
polyphthalocyanine [Fe(III)TCPC]. The
corrosion inhibition efficiency obtained with
Fe(III)TCAUPC is 86% with a single dip
coating having a thickness of approximately
lm. A significant advantage in using long
alkyl chain containing phthalocyanines is
that they require only a low temperature heat
treatment of approximately 10

0
oC as compared

to polyphthalocyanines that require a heat
treatment as high as 450*C.

27%
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Abstract No. 193

AN ELECTROCHEMICAL IMPEDANCE STUDY OF THE PASSIVE 
Assuming Tafel kinetics and by solving the Nernst-

STATE ON NICKEL AND DILUTE NICKEL ALLOYS 
Planck equations for the movement of cation 

and anion

-canri.. across the film with a single set

Stuart J. Smedley, Mordehai Ben-Haim, 
of k and values, where

and Digby D. Macdonald k ko exp(t.iP i/RT)
SRI International 

kt, t

Menlo Park, CA 94025
i is the potential drop across the metal/film (i =

1,2) or film/solution (i - 3,4) interfaces, and ai is

the appropriate transfer 
coefficient, we are able 

to

account for the impedance spectra 
over the entire

The growth of passive films on reactive metals 
frequency range and at the three potentials

,nd alloys is a subject of continuing interest because 
investigated.

they are responsible tot the kinetic stability of

%ese materi-ls ir aqueous environments. Over the These studies are currently being extended to

,st eight years, we have employed electrochemical dilute nickel alloys containi. subgcitutionaUy

a prsen inthefil (AN,.T i N ) and mobile
ispedance spectroscopy to investigate the passive present in the film (ANi. Ni ONi n

state on polycrystalline (1) and single crystal 1100) cation vacancies.

i') nickel in borate and phosphate buffer 
solutions at

15°C. To dare, the low frequency impedance data have 
ACOWoILEDGKENTS

ben interpreted in terms of a point defect 
modelP1SM)

(1). in which reactions involving cation and anion 
The authors gratefully acknowledge the support 

of

vacancies at the metal/film and film/solution 
this work by the U.S. Department of Energy, 

Basic

interfaces are assumed to be in equilibrium. 
The Energy Sciences, under Contract No. DE-FC03-84ER

present study relaxes this constraint to account for 45164. Dr. J. Darby, Technical Monitor.

slow interfacial relaxations and extends our previous

work on pure nickel to dilute nickel alloys containing 
REFERENCES

Al. Ti. and Zr as alloying elements.
1. C-Y. Chao, L. F. Lin. and D, 

1. Macdonald.

i p ___lJ. 
Electrochem. Soc.. 129, 1874 (1982).

Electrochemical impedance data were obtained 2. D. 0. Macdonald. R-Y. Liang and B. G. Pound,

using a computer-controlled SOLARTRON Model 1250 J. Electrochem. Soc., 134, 2981 (1987).

Frequency Response 
Analyzer. The control and 

data

acquisition systems were periodically 
checked against

a resistive/capacitive electrical "dummy, 
cell having

properties similar to those of the 
systems under

study.

Results and Discussion

Typical impedance spectra for nickel single

crystal (100) in phosphate buffer solutions at pM - 11

and as a function of potential is shown 
in Figure 1. 

I

The impedance 
spectra display 

a low frequency 
Warbutg

response and a partially resolved semicircle 
at high

frequencies. The low frequency Warburg behavior 
was 10

previously detected and discussed 
for this system (1)

and has been predicted theoretically by the PDM. 
-

However, this previous theoretical 
treatment was not 

0

capable of accounting for the high 
frequency 

0

relaxation.

The PDM has been modified by introducing 
a

kinetic description of the interfacial processes: S's

M " k1" Xe (I) to

V Metal/film interface

M M M X V O  
+  

X e ( 2 ) 
0 ( 20 . . .

K n- 2 (3+ 
9X

and
nX (3) F 1gel t I we NH1a ( .ws, e$ mesa'

Film/solution

k3  
interface 

aS 0t

VO + H20 - 00 + 2H 
+  (4)
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Abstract No.

Llectropolishing of Iru., in Pilosphoi ; afd Phosphoric-
Sulfuric Acids.

I [ I

0.4
L F. Vega, M. Datta, L T. Romankiw, P. Duby*

IBM Corporation, T. J. Watson Research Center,
Yorktown Heights, NY 10598 90" C

Metallurgical Engineering Department, 0.3
Columbia University, New York, NY 10027

I-- 0.2

Electropolishing is Aidely employed in industry for
microfinishing of different metallic components (1,2). A
large number of electrolytic baths with different operat-
ing conditions and electrolyte compositions are reported 0.1 25C
in literature (1-4) but there is little information available
on the mechanisms involved in electropolishing. In recent

years, some of the fundamental aspects of
electropolishing have been investigated (5-8). Much 0.0

work, however, remains to be done for a better under- -1 0 1 2
standing of the processes that lead to electropolishing of - O 0 t 2
different materials. Electropolishing of steel and stain- ANOCE POTENTIAL, V tn MSE)
less steel is generally carried out in phosphoric-sulfuric
acid electrolytes (1-4, 8). In the present study, we have Figure 1. Potentiodynamic anodic polarization curves for
investigated the anodic dissolution o, iron in phosphoric Iron in 14 M Phosphoric Acid at tuo different temper-
and phosphoric-sulfuric acids as a first step towards atures. The scanning rate is 5 mV/s and the rotation speed
understanding the mechanisms involved in of the disk electrode is 1000 rpin.
electropolishing of iron based alloys.

Rotating disk iron electrodes, 5 mm in diameter, insu-

lated with a teflon sleeve and an alumina tubing, were transpassive potential region is mainly due to oxygen evo-
used in the present study. A platinum electrode was used lution. Electropolishing is not observed under these con-
as a cathode which was separated from the anodic com- ditions up to a potential as high as 2.5 volts. At 90'C, the
partment of the cell by a glass frit. The luggin capillary plateau current beyond fluctuations is relatively high in-
was placed 10 mm below the disk surface. Electrolytes dicating that metal dissolution at high rates occur
were prepared from pure acids ( 85% phosphoric acid and through surface films that are of different nature than
96% sulfuric acid ). The electrolyte temperature was those present at low temperatures in the same potential
maintained constant by circulating thermostated water range. Dissolution of iron at or beyond the current pla-
through an enclosed outer compartment of the cell. teau leads to electropolishing. The value of the current
Potentiodynamic and potentiostatic experiments were plateau increased with increasing rotation speed.
performed using a PAR 273 potentiostat and the meas-
ured data were recorded in a Nicolet Oscilloscope Figure 2 shows anodic polarization curves for iron in
equipped with a magnetic disk storage. phosphoric-sulfuric acid mixture ( 9.8NM

H3PO, + 6MHSO, + 6.3MHO ) at 900C. A complete
The anodic polarization curves for iron in a 14M polarization curve from the open circuit potential up to 2

H3P0, solution at two different temperatures are shown volts is shown at a rotation speed of 1000 rpm. The data
in Figure 1. After an initial region of active dissolution, indicate that the active dissolution mode is absent in this
marked current fluctuations are observed at all the ten- electrolyte but transpassive metal dissolution sets in be-
peratures employed in the present study. We believe that fore the oxygen potential. Electropolishing is observed
the current fluctuations are related to the formation and when the metal dissolution takes place at or beyond the
breakdown of anodic surface films. At 250C, the current limiting current. The value of the limiting current in-
fluctuations are followed by a sharp decrease in current creases with increasing rotation speed following a Levich
in the passive range. A renewed increase in current in the type behavior. This is demonstrated in Figure 3 iihich



sho Ns the measured niiting current density as a function

of the square root of the rotation speed for both the

0.6 electrolytes.
A 100 RPM
a 300 RPM

o000 RPM The above results indicate that the electropolishing7 3000 RPM
30 Pof iron in phosphoric and phosphoric-sulfuric acids is a

0.4 mass transport controlled process. In order to identify the
rate limiting species, we have further investigated the in-
fluence of acid concentration, water content, and bulk
metal ion concentration on the measured limiting current.

02 For a semiquantitative evaluation of the obtained data.
.a --- a we have taken into consideration the influence of physical

properties of the electrolytes on the ionic transport. For
this purpose, we have experimentally determined the

0.o -viscosity of these solutions and estimated its influence on
I the diffusion coefficient. The results indicate that a salt

-1 0 1 2 film precipitation involving rate limiting transport of
ANODE POTENTIAL,V (vsMSE) Fe

3 is a most probable mechanism that leads to

electropolishing of iron in these electrolytes.

Figure 2. Potentiostatic anodic polarization curves for
Iron in 9.8MH3PO. + 6MH S0 4 + 6.3MH.O at 900C. A
complete polarization curve is measured at 1000 rpm. At
other rotation speeds, polarization measurements were References:

taken in a restricted potential region to determine the
limiting currents. 1. I. Rajagopalan, Finishing Industries, September

1978. p 27.
2. W. Schwartz, Plating and Surface Finishing.
68(6), 42 (1981).

0.8 3. W. J. McTegart, The Electrolytic and Chemical
Polishing of Metals, Pergamon Press, London
(1956).

4. P. V. Shigolev, Electrolytic and Chemical Polish-
ing of Metals, 2nd Edition, Freund Publ., Tel-Aviv.

oA (1974).
5. D. Landolt, Electroc him. Acta, 32, 1 (1987).
6. D. R. Gabe, Corrosion Science, 13, 175 (1973).
7. S. H. Glarum, J. H. Marshall, JECS, 132, 2872

•0.4 (1985).
8. L Ponto, M. Datta, D. Landolt. Surface and

0.2 Coatings Technology, 30,265 (1987).
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Figure 3. limiting current density as a function of the
square root of the rotation speed in (0) 14M H 3PO, and

(A) 9.8MH 3PO, + 6MH2SO, + 6.3MH 20. The electro.
lyte temperature is 90°C
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Abstract No. 195

LASER STIMULATED CEICAL VAPOR DEPOSITION
OF METALS ON POLYIHIDES Figure 4 shows the observed position of

the focused incident laser beam with respect
S.J. Bezuk, C. Kryzak, UNISYS Corp., San to the leading edge of the depositing nickel
Diego, CA 92127 line. At low scan speed, the laser beam is

on the top of the nickel deposit which
allows incident power to be dissipated by

Polyimides are of great interest as the nickel conductor resulting in a low
insulators for microelectronic fabrication temperature at the deposits leading edge.
due to their low dielectric constant and At higher scan speeds the laser reflection
planarizing properties. We report on the moves to the leading edge of the deposit and
laser CVD of nickel on polyimide and the more power is dissipated at the thinner
effects of this deposition on the electrical leading edge of the deposit and substrate
and mechanical surface properties of poly- resulting in a higher temperature at the
imides as well as a review of the micro- deposition point. This is confirmed by the
electronic applications of this technology, observation that for a given input power the

decomposition of polyimide films is a direct
Experimental function of the scan speed. As the scan

speed is increased, the amount of decomposi-
The polyimides used in this experiment tion in the polyimide also increases.

were Toray SP-710, Hitachi PIQ-13, and Ciba- I-V measurements were made on an
Geigy 284. Films of each sample were spun interdigitated capacitor which was deposited
onto 4 inch p-type silicon substrates and over a region of the polyimide exposed to
cured at 420"C. Plasma deposited Si02 films laser-induced nickel deposition. The
were compared to polyimide films. The capacitor was biased from 0 to 100 volts and
thickness of all films tested was 1.2Mm. temperature stressed from 251C to 125"C. A
Figure 1 shows the apparatus used for these film resistivity of approximately 9.0E15 ohm
studies. A 514.5nm Ar-ion laser beam was cm was found. The surface resistivity on
folded into the optical path of a microscope polyimide not covered with nickel was 2.0E15
and focused through a suprasil window onto ohm cm. These values are typical of the
the substrate surface to a spot size of bulk resistivities of polyimide indicating
12gm. The substrate was moved under the the CVD reaction did not affect the surface.
laser beam using translation stages. Nickel
was deposited from Ni(CO) 4 (Strem Chemical)
at reduced pressure and room temperature in ftplications
a static chamber.

Applications of this technology within
Results and Discussion the areas of IC circuit and packaging manu-

facturing and repair are emerging. This
The deposited nickel lines were charac- technology is being applied to GaAs circuit

terized by a smooth surface without periodic processing(4], and photolithographic mask
structure and without physical damage to the processing(5 and other metals have also
underlying polyimide. Auger spectroscopic been
measurements detected less than 5% carbon demonstrated, i.e., Tungsten(4,5] and
and oxygen in the nickel deposits. Measure- Gold[6].
ments of the deposit resistivity were
approximately 2 times the bulk resistivity Reference
of nickel without post deposition process-
ing. These results are similar to previous- 1. Dieter Bauerle, Laser Processing and
ly reported results (1,2,3] for depositions Diagnostics, (Springer-Verlag, New York,
of nickel on inorganic materials. 1984), p. 166.

Figure 2 shows a comparison of the
deposition of nickel as a function of the 2. W. Krauter, D. Bauerle, and F. Fimberger,
scan rate for polyimide and Si02. An Appl. Phys. &U, 13 (1983).
enhancement of the deposition rate by a
factor of 3 to 10 was found on polyimide as 3. Irving P. Herman, Roderick A. Hyde, Bruce
compared to Si0 2 . The temperature rise at M. McWilliams, Andrew H. Weisberg and
the surface at the laser spot is determined Lowell L. Wood, Materials Research
the thermal properties of SiO2 and poly- Society Symposia Proceedings, Vol. 17,
imide[l]. The thermal conductivity of Si0 2  (Elsevier Science, Inc., 1983), p. 9.
(3.9E-3 cal/cm-aec'K) is a factor of 8.5
greater than polyimide (3.9E-4 cal/cm- 4. J.G. Black, S.P. Doran, M. Rothschild,
sec'K). This translates to a higher and D.J. Ehrlich, Appl. Phys. Lett. 5,
temperature and therefore deposition rate on 1016 (1987)
polyimide for the same incident power.

Figure 3 shows results for line shapes 5. W.M. Grossman and M. Karnezos, JVST B,
obtained for nickel deposits as a function 843 (1987).
of scan speed. At low scan speeds, line
shapes tended toward rounded peaks, flatten- 6. T.H. Baum, J. Electrochem. Soc., In,
ing intermediate speeds and at the highest 2616 (1987).
speeds studied became double-humped. The
results can be explained by an increase in
temperature at the depositing edge of the
line[1,2].
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Abstract No. 196

METALLIZATION OF NONCONDUCTING SUBSTRATES BY MEANS OF

COMPOSITION GRADED INTERFACE LAYERED BY PLASMA

POLYMERIZATION TECHNIQUE

Byung K. Sun, Dong L. Cho, Thomas J. O'Keefe,

and H. fasuda

Department of Metallurgical Engineering,
Department of Chemical Engineering, and

Graduate Center fur Materials Research
University of Missouri-Rolla

Rolla, MO 65401

Structur-l incompatibility between nonconducting

substrates -io conducting coatings, in terms of both

chemical bonding and properties, maues it technically

difficult to metallize insulators. Adhesion between
polymers and metas is known to be poor due to the

absence of any primary chemical bonding. In addition

to that, the high stress developed at the interface
due to sudden changes in structure across the inter-

face, has been blamed for a major portion of failures
of metallized parts under operating conditions.

Therefore, mechanical interlocking or formation of
chemical bonds through surface modification have been
tried in an attempt to improve metal-polymer adhesion.

Also, many of the present wet chemical processes for
metallizing nonconductors require costly rigorous
chemical and process control and consist of numerous

steps, each requiring precise handling and condition-

ing of the materials involved.

Tine research described here deals with the appli-

cation of a composition graded interface for use as a

preplate for metallizing nonconducting materials.

Such gradients are beneficial in minimizing many of

the problems cited previously. The composition of the
graded films, which changes from I00% organic to
nearly 1Dll netallic over tie thickness of the films,

eliminates sudden eha,;ges in material structure an.

cnemicai t between two dissimilar materiols
and assists in establishing a stronger, more durable

interface. Strong adhesion between the polymer sub-
strate and metallizing material can be obtained
through chemical bonding between the polymer substrate

surface and the plasma polymer film at the bottom of

tne composition graded interface and metallic bonding

between the nearly pure metallic layer at the top of

the interface and subsequent metallizing material. In
this case, the process scheme consists of 1) layering

a composition graded interface by sputter deposition
of a suitable electrode material with simultaneous

plasma polymerization, followed by 2) deposition of

the desired metallizing material by electroless- or

electro-plating. This process also seems to have

fewer limitations with respect to the polymeric sub-
strates which can be metallized. Emphasis in this

study was on FRP (filer reinforced plastic) substrates

with copper metal coatings.



Abstract No. 197

METALLIZATION OF PLASTICS

WITH RESISTANCE HEATED SOURCES

Kevin Anetsberger

MIDWEST TUNGSTEN SERVICE, INC.

7948 S. Madison Street
Burr Ridge, Illinois 60521

Since the advent of the use of resistance heated

sources for the metallization of plastic sub-
strates in the 1940's, both the sources and the

process have undergone many changes.

Evaporative sources have evolved from single
strand to multiple strand wires, then to coil

and basket forms. Resistance heated crucibles

and boats came into use for more difficult

evaporative materials. The development of
intermetallic boats opened the door to the

coating of plastic film.

Although today there are more options available

for coating plastics, resistance heated sources

still play an important role in both decorative

and functional coatings. The versatility and

cost effectiveness of using this method of

vacuum deposition still makes it an alternative

worth considering almost 50 years since it

became commercially available.

This paper will give a brief description of

resistance heated evaporation and will discuss

how present day methods such as ion-assisted

plating evolved.

Metallization of plastics can be accomplished
several ways. Several factors need to be con-

sidered when selecting a process. Metallization
via resistance heated sources will be compared

and contrasted to electron beam deposition and

sputtering. Special attention will be given
to capital equipment costs, deposition rate and
overall output, and applicability of each
process to specific materials.

This paper will also give an overview of the

most popular areas for metallization of plastics

today. It will target decorative, optical,

shielding, and packaging uses for metallized
products.
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Abstract No. 198

METALLIZATION OF COMPOSITES AND THER'IOPLASTICS

VIA ELECTROLESS METALLIZED CONDUCTIVE COATINGS

Peter H. Kuzyk

Enthone Inc.
350 Frontage Rd.

West Haven, CT 06516

There exists a trend in today's aerospace,

electronic and automotive industries toward

increased applications for composite materials.

The transition from metals to composites and

thermoplastics for strength and weight consi-

derations also presents new problems in the

area of electromagnetic/radio frequency inter-

ference. To compensate for these inherent

problems, metallization of the composite

material is required. Many methods of metalli-

zation have been used in an attempt to meet

these requirements. Typical materials

considered for this purpose to date include:

screen mesh and metal foils, flame spray, metal

filled conductive paints, vasoum metallization

and metallized fibers/fillers. While effective

in counteracting many of the problems, no one

material has demonstrated the ability to

effectively meet all the performance parameters

required of a mtallized coating.

to this paper Enshield CMT, a new emerging

technology incorporating electroless plating

will be highlighted. This system incorporates

a duplos metal layer: a highly conductive

copper layer and a protective corrosion/wear

resistant electroless nickel top coat. This

technology provides a wide range of performance

benefits required of a metaillized coating

Including the ability to provide high levels of

attenuation for EMI/RFI shielding, EMP and ESD

applications, as well as providing protection

to composites in lightning strike applications.

In addition, the system offers major 
processing

advancements in Its ability to be field repaired

using a simple . economical brush plating

procedure. This procedure, along with the

general characteristics of the coating and its

method of application , are discussed in this

paper.
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Abstract No. 199

HIGH RATE REACTIVE SPUTTERING ONTO

FLEXIBLE POLYMER SHEET

R.P. Howson

The Department of Physics,

The University of Technology,

Loughborough, Leicestershire,

LEll 3T1, England, UK

The production of complex materials in thin

film form onto polymer foils is

complicated by the inability of these

materials to tolerate high temperatures.

Energy is required by the depositing film

in order to produce the desired compound

or structure, which cannot be given from

substrate temperature. In order to

produce stoichiometric compounds or

precise alloys the deposition process must

be accurately controllable, and energy

supplied simultaneously to activate

reactions for molecular or structural

arrangement. High rates are required for

economic production, which can generate a

loss of heat.

This paper considers the use of a

d.c. planar magnetron, used with optical

emission control of the reactive gas, and

a controlled magnetron field to allow

plasma to be directed onto the growing

film. It is demonstrated that these

techniques lead to stable processes

allowing the high rate production of

compound films, with precisely controlled

stoichiometry and structure, onto flexible

.Au rigid pc!yer sunst:ztes. k ;, '( )

Detailed examples are given for the

production of indiur oxide and titanium

oxide films by the reactive sputtering

of the metal in an argon/oxygen

atmosphere. Film resistivities of around

4 x 10-- ohm.cm were achieved with indium

and indium/tin oxides during high rate

production onto both flexible P.E.T. and

rigid acrylic, with high visible

transparancies.

Refractive indices of up to 2.55, measured

at 633nm, could be obtained with T.O, film

made with self biasing above -20Volts.
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'V LASER INDUCED METALLIZATION ON POLYIMIDE Under those conditions gold deposits without

FROM ELECTROPL.ATING SOLUTION bubbles were formed at 5tz and 7Hz, while the
number of' pulses ranged up to 2000 to give gold

.. Zahavi', M. Rote[', D. Katz'' and S. Levine'' deposit thickness up to l.Otam (Fig. 2). The gold
deposit produced by this technique was carbon free,

-Israel Institute of Metals as revealed by Auger spectroscopy through film
Technion, Haifa, Israel thickness of more than 5000A. Gold sheet

Department of Material Engineering resistance measured by four probe points was found
Technion, Haifa, Israel to be 1.45 10/0 and 2.45 12/0 for 1000 and 2000 laser

'''I.B.M. Corporation 0/879, P.O.Box 1500 pulses at low laser energy respectively. Measure-
Bromont, Quebec JOE ILD, Canada ment done on the polyimide and on the gold deposit

produced by high level laser energy (bubble covered

Recently direct laser metallization of semi- area) did not show current transfer with our
conductor substrates imnersed in electroplating instrument for sheet resistance measurements.
solution without use of external current or
lithography procedures have been reported by Laser induced metallization on polyimide sub
several investigators (1-4). No major efforts, strate appeared to be a complicated phenomenon.

howeer, have been devoted to laser induced direct Thermal and photochemical processes were apparently
metai deposition on polymeric substrate imersed in involved. The temperature increase in the substrate
electroplating solutioais t4). bse of pulse UV laser under i-radiation was large j300'C and more at the
irradiation for direct metal depositiin without any surface (0') even at a number of pulses as low as
surface t reatment such as sensitizat ion, or 50 and less at laser energy density around 5. 106
a,-tivati on and without external power and masking watt/em

2 , 
This dire,*tly due to the absorption roof

tpro-eduris makes the research work a new one as ftclent (B lOcm
- 

at lt3nm' which confined the
compated to previous studies (4,5'. depth of penetration to around 103A. This local

heating, with subsequent pyrolysis, modified the
Experimental polyimide into semiconductor-type: material 7 9 .

Tb higher laser energy irradiation resulted in
A polyimide "Kapton H' (producl , "Pooi-'cot , V_ a] heating and the temperature rise caused

U.S.A.) was itmersed up to Itm depth ii HAuCI4  (20 formation of bubbles containing probably gases such
gr I in ethanol) and irradiated perpendicularly by as C02, CO, N2 , HCN, a fact reported by several
a S.V. laser beam at 19:3nm using a lambda Physics investigators (7,81. This behavior will contribute
escimer laser model 20IMSC. Two levels of laser to photoelectron generation at the polyimide
energy, one at 130--200mg/pulse and the other at surface which will penetrate the substrate-
less than 10 mj/pulse were used. Laser repetition electrolyte interface to give an atomic metal
rates of 2Hz to 30Hz and numbers of pulses from 5 to deposit (10,11,12). The deposit was found to
2000 were used for each energy level in this work. consist of pure elemental gold under all irradia-
Specimen observations and detections of presence of tion conditions. Further discussion will follow in
elemental gold were carried out by SEM - EDS, the paper.
ESCA and Auger techniques.
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A

Fig. 1. SUM observations of gold deposit obtained Fig. 2. SEM ohsorvntions of g' id deposit obtained
on pol y inide substrate iaersed in gold- on po lyimido1, subs trate innersed iii gold-ethanol
et hanol solution (i gr HAuCl4/50al). Laser solution I gr HMuC14/)OMIh. Laser energy at
repetition rate 10t17, laser energy at lO3nn I193nm 95 jple laser repetition rate 5H1,Z.
lE6iuj/pulse A. Nuaber of pulse, 34; bright A. Gene ralI view. a 3S0. IB. Enlargement of A,
areas i n dicate prese nce o f gold, B. Number of a 10,000.
pulIses 60 0, bubb~les present in thn area.
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Simple Metal-on-Plasties Patterning by Pulsed Electron Beam in
Soft Vacuum

J. Krisbnaswamy, M. Eyolfson, L. Li, G. J. Collins
Department of Electrical Engineering

Colorado State University, Fort Collins, CO 80523

H. Hiraoka
IBM Almaden Research Center, San Jose, CA 95120

M. A. Caolo
Hewlett-Packard Inc., Fort Collins, CO 80525

Fig. I Patterning of AgNO3 doped polyamic acid and effect of
Metal incorporation into polymers is of great interest in electron beam hardening: imagewise exposure at 28 KeV, 50

many technical areas. Metal interaction with polyimnide has be pulses, electron beam hardening with 150 pulses only in dark
extensively studied with the idea of improving mechanical [1] region, curing at 300°C.
and adhesive properties properties [2]. Enhanced surface I.
reflectivities have also been reported for polyisnides doped with (a)
copper [3] and silver salts [4]. In the case of palladium salt C C
incorporation into polyimide, it has resulted in a ten-fold increase
in surface conductivity (5]. These reports mainly discuss the
chemical state of the elements present in the film, their relative
concentration, and the effect of subsequent thermal curing on r
metal migration. The successful metalization may suggest useful
applications like a direct imaged seed-layer fabrication with good
adhesion to polyimide film and others. We like to report here
our study of direct patterning of polyimide images with a
buit-on-metal layer on the images, by combining our direct
imaging method of polyimide films by pulsed electron beam
exposures in soft vacuum and metal-salts incorpoation in o Ag
polyamic acid films. We have already reported our direct
patterning of polyanic acid using pulsed electron beams in solftvacuum (6,7]. (b)

AgNO3 doped polyak acid patterning

Two grams of silver nitrate was dissolved in 5 ml of . C
N-methyl-pyroUidinone (NMP) and homogeneously mixed with
about 20 ml of polyamic acid, P12555. The AgNO3-doped
polyamic acid film with a 0.6 pim thickness spin-coated on a
silicon wafer was soft-baked at 50C for 30 min. The film was /
then exposed in a proximity mode to 50-100 pulses of 28 KeV
electrons produced in 30 mTorr air, with a total dose of 5 x 10A

4
g

to I x 10-3 C/cm' The images was completely developed in"" ,. Si
NMP for about 1 min. The pattern was heated to 3000C fort I ,

hr. The exposed surface turns shiny and a foggy metallic luster. 0
The bright region of Fig. I was obtained in this way. The_ __- __-______.--_.

darker region of Fig. I has an additional process of electron
beam hardening prior to 300.*C heating. Clearly the darker area

has more metalization than the bright area. I
The distributions of each element in the film as a function 14

of Ar sputter time, and so of depth from the surface before 0
heating, after 30"C curing, and after electron beam hardening
and 300C curing are shown in Fig. 2a, 2b and 2c, respectively.
The result clearly demonstrates silver migration to the surface, _
particularly after the electron beam hardening. The electron Ag
beam exposure may assist silver reduction from cationic state to '
neutral state. " " C

Pattering of gold and copper doped polyamle acid

Patterning and metalixation of gold and copper doped Si
polyamic acid were carried out with Engelhard's gold compound
(6854) and cupric chloride, respectively, using pulsed electron

beams as described for silver doped polyimide film. In Fig. 2 Elemental distributions as a function of depth from the
gold-doped polyamic acid there is a tendency for phase surface. (a) before curing, sputter time from 0 to 40 min with
separation to gold-rich and gold-poor regions. With sputter rate of 73.2 nm/min (b) after curing at 300C, sputter
copper-doped polyamic acid the curing had to be done in vacuum time from 0 to 15 min with 23.0 nns/min rate (c) after e-beam
in order to avoid oxidation, hardening and curing, sputter time from 0 to 15 mis with 23.0

am/snin rate.
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PFFIN&PLES OF THERKAL DEPOSITIONS OF METAL FILMS
ON PLASTICS

R. Allen Myers

Deep Coat Metallizinq, Inc.

Lemont, IL 60439

When evaluating functional vacuum metallizing Several factors determine the thickness of thetwo types of questions arise. There are the what coatings. The level of vacuum determines the mean
questions and the how questions. The what questions free path. Rate and duration of evaporation and tleare what can be plated, what coating will be most mass of the charge determine how much metal vapor can
effective, and what will it cost. The how questions be produced and with what force it can be thrown fros
are how it is done, how thick are the coatings, how the filaments. Finally, the geometry of the shot is
much production can be achieved, and how can the very important because thermal deposition is essenti-
process be controlled, ally a line of sight process.

There are many metals and combinations of metals When multi cavity fixed tooling has been
which can be deposited on a wide variety of platics. fabricated, masking on each part should be typicalThermal and thermal-set plastics are routinely from one part to another, Surface resistivity does
metallized for electrical purposes. Proper handling vary, but it can be held within acceptable limits
and surface preparation will maximize bonding so it is useful as a SPC measurement. Advancements
strength in regards to the vertical pull test. In in equipment design augur well for improved monitor-some instances, the choice of metal will significantly ing and shot to shot consistency.
affect bonding.

Vacuum metallizing has been around a long time.To evaluate which coating will be most adequate Functional coating, and by that I refer to EMI/RFIfor any application a number of factors must be and ESD shielding, is a new aspect to an old art.
considered. Environment can adversely affect some As a process metallizing is deceptively simple and
-tal depositions, abrasion can be a factor, and the easy to understand. It's versatility is impressive
end use might require either a high or a low surface and it is environmentally friendly. This paper won't
resistivity. Coating options can be either monolayer make you a metallizer, but you will be able to talk
or laminated depositions and may even have some to one effectively regarding your own application.
nonmetallic components.

Because this is a batch process, the quesion
of what it will cost and how much production can be
achieved are closely related. Most shielding is
discriminate so different masking requirements can
mean more labor to load or unload parts. There will
always be some amount of fixturing which must be
fabricat d to hold the parts in the vacuum chamber.
In every case, there is one constant factor, and that
is the more parts which you can get into the vacuum
chamber and still affectively coat the lower your
cost will be and the greater will be your production.
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optical performance; candidate mirror
Optical Performance and Durability of materials must exhibit very good specular

Silvered Polymer Mirrors reflectance as well. Depending upon the
solar technology application, the system

Gary Jorgensen and Paul Schissel requirement is 90% reflectance into a full
cone angle of 4-8 mrad. Such performance has

Solar Energy Research Institute been demonstrated for unweathered materials;
the present thrust is to maintain this level

1617 Cole Blvd., Golden, CO over a minimum 5-year lifetime.

The durability of candidate metallized
Use of solar energy to generate electric polymer reflector materials is a crciacal
power and process heat frequently requires issue. Resistance to optical degradation
large mirrors to provide high levels of caused by ultraviolet radiation, atmospheric
concentrated sunlight. Hundreds of millions pollutants, abrasion, and soil retention
of square meters per year of collection area must be demonstrated. Adhesion at the
could ultimately be needed to substantially silver/polymer interface is another
displace conventional fuel usage. The weight potential problem exacerbated by moisture
and fragility of glass-metal mirrors impose absorption. Several approaches were
considerable structural support constraints undertaken to mitigate these effects. Hard
that, coupled with the material costs, are coats were synthesized and shown to impede
economically infeasible. Metallized abrasion. Such hard coats could possibly
polymeric reflector materials offer serve as barriers to water vapor and
significant system weight reduction and external pollutants as well. Typically, hard
price savings, while affording greater coats are thermally cured. Substantial
flexibility in terms of system design. Such savings in manufacturing costs can
materials must maintain high optical potentially be realized by a UV curing
performance over extended service lifetimes, process, but the weatherability of UV-cured

hard coats may be a problem.
On the basis of optical performance, silver
is the reflector material of choice. The Another approach to preventing degradation
hemispherical reflectance of a freshly is to deposit a passivation layer at the
deposited silver film weighted over the silver-polymer interface. Such a layer may
solar spectrum (0.3-3.0 micrometers) is take the form of a very thin metallic
greater than 97%. A transparant front coating or an organic coating. By creating a
surface protective layer is required to barrier at the interface, protection against
shield the silver from abrasion, soiling, both external and internally generated
and corrosion. Typically, an acrylic polymer (i.e., within the polymer film) reactants
with UV absorbers (to inhibit ultraviolet- can be provided. At the same time, such a
photon-activated degradation) is used. The coating could also promote adhesion.
solar-weighted hemispherical reflectance of
such an unweathered silvered acrylic Durability studies of candidate silver
material exceeds 92%. polymer mirrors were carried out as a

function of real-time outdoor weathering and
To attain high system energy conversion accelerated exposure. Major progress was
efficiencies, concentrated sunlight must be made toward achieving a long-term goal of
used. This means that hemispherical demonstrating a specular reflectance of 90%
reflectance is not an adequate measure of that is maintained for at least 5 years.
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Deposition of Thick, Adherent Copper Coatings An extremely important part of this work
on Glass was the deposition of coatings with as close

to zero stress as possible. Data were
W. C. Cowden, T. G. Beat, T. A. Wash and J. generated on the influence of pressure on
W. Dini stress during magnetron sputtering and the

influence of current density on stress during
University of California copper electroplating. During magnetron
Lawrence Livermore National Laboratory sputtering, it was shown that as the pressure
P. 0. Box 808 increased, the tensile stress in the deposit
Livermore, California 94550 decreased, reaching zero at a pressure of 20

microns. During electroplating, zero deposit
Thick (1 mm), adherent copper was needed stress was obtained when plating was done at

on low coefficient of expansion glass to a current density of 1.6 /dm (15 A/ft').
serve as a heat sink for a laser
calorimeter. Also, adherent, diamond- References
turnable coatings on glass approximately 75
pm thick were sought for possible 1. J. W. Dini, Plsting and Surface
improvements in the optics of systems Finishing, 72, 48 (July 1985)
currently fabricated from metal.

2. J. W. Dini, "Synergism of Electroplating
To meet these requirements, vacuum and Vacuum Processes", Proceedings, Ist

deposition and electroplating were International SAMPE Metals Conference,
combined. An initial adherent, thin layer August 1987.
was deposited by magnetron sputtering and
then thick copper was built-up by 3. D. M. Mattox, Thin Solid Films, 18, 173
electroplating. This combined usage of these (1973).
two different coating processes is but one
example of applications wherein these 4. UBAC No. 1, OMI International Corp.,
technologies can complement one another Warren. MI.
(1,2).

The conventional technology usec y
platers for metallizing non-conductors via
stannous chloride/palladium chloride
activation followed by electroless deposition
prior to final electroplating is not
acceptable for glass when thick coatings are
required. With this process, deposits
thicker than around 12.5 pm (0.5 mil) easily
separate from the glass substrate.

The generally accepted criterion for
adhesion between a metal film and an oxide
substrate such as glass is that the metal
must be oxygen active to react chemically
with the oxide surface, forming an
interfacial reaction zone (3). The more
negative the heat of formation, the higher
the affinity for oxygen. Metals which have
worked well as binding (or glue) layers for
glass include chromium, titanium and
vanadium.

For this work a low stress titanium
binder layer 1000 4 thick was first applied
and without breaking the vacuum in between
the coating steps, this binder layer was
overcoated with 60,000 A of copper by
magnetron sputtering. The samples were then
electroplated to final thickness (I mm) in a
proprietary acid copper solution (4).
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A Novel ilectroless Process of Leposition 3. K. Parker, Plat. and Surf. Fin., 74, 6C
of Thin Ni-P Coatings on Polymethyl (Feb. 1987).
.Iethacrylate

4. T. Kita and K. Sato, Ibid, 74, 5E
L.j. 3hatgadde and S. iahapatra (July 1987).

Aovanced ;entre for Research in electronics,
Indian Institute of Tecnnology, Powai, Table 1
3ombay-4bC 076, iMliA Polymethyl Methacrylate Plating Process

=le croless nickel plated polymethyl
methacrylate is employed in automative

parts, reflectors, wave~uides, aircraft Step Solution Temp. Time
windshields, doll shieldings etc. Present (oC ) (min)
studies pertain to development of a novel
and cost-effective electroless techniaue
for depositing thin Ni-P coatings on this Legreasing Alkaline 6C-70 5
thermoplastic material, cleaner

Rinsing I. water Room 5
In the experimental, 5 cm x 5 cm, 3 mm

thick substrates cut from a sheet were itching %Methanol Room 3
plated in the sequence qiven in Table i.
.as polymethyl methacrylate nas a polar side Alkaline NaCH(20/) i0-70 5
chain, it is attacked by molar solvents such treatment
cs mthsnol, which cleans and etches its
surface. Further treatment in not NaOH einsinn LI. water Room 5
increased the wettability and produced
anchors, which helmed to adsorb SnCl2 on Zensitizinc SnCt 2 (1 c/L) Room 2
sensitization. Upon acti aion, Pd eratns
were formed on the surface. + HCI (I ml)

Next, tne activated substrate was elec~ro- winsinl . ter Room 5
less olated in the bath heated to V-93 C.
'no ratio of volume of substrate to volume _ctivatinn PdCl 2 I /L ,om
of solution was 1:2. The bath composition + Hl1Itl m!)
and other operating conditions are oresented
in Table 2. Furt ,er electru ,latino nickel/ 1cmi.snc Li. water
copper was possiole after tis metallization.

ilectr~less ulecoroless 0P -
The coating thickness, snmet resis Lance and ola ing nickel
adnesivity were measured by the conventional
tecnni*ues. The as-deposited adnesivity was
very low. Tne plated substrates were annea-
led at different tem-ratures in the range Tacle 2
of 4u-15

0
oC for different eriocs. The oath Jomoosition and Conditions

annealing cycle finally optimized is oiven
in Fi;. 2. The values of sheet resistance iClm.t2 2
and acnesivity before anc after annealing 2
were 36 and 21.1 A/ and C.5 and 65 km/cm A PC.H 1 C 1.2 /L
respectively. 2 2.

The as-deposited coating on the substrate pH 6.1
nao a noney-comb structure [Fig. l(a)]. A
cross section of the plated plastic revealed, Temer ature 0co2
that initial adhesion occurs by a mechanical
keying effect [Fig.l(c)'. However, after Platino time 20 min
annealing the internal stresses present both
in the substrate as well as in the coatin Coatin thickness i000 A
are relieved. The entrapeo ases are also
expelled [Fin. l(b).. Hence, the bond
strength increased. The bond strenth
became maximum near/above the softening
point of the plastic, which sugnested the
possibility of a cohesive bonding between
the metal and plastic.

:ieferences

1. -. &oldie, Metallic Coating of Plastics,
Vol. 2, llectrochemical Publications,
England, 1969, Ch. 18.

2. i.L. Fields et.al., Metals Handbook,
Vol. 5, *rmerican Society for Metals,
Ohio, 1982, pp. 219-243.
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Polymer Activation for Metallization: The processes involved in obtaining coll-
Theory and Application oidal activating palladium solution were syst-

ematically investigated. The first stage is
Hristo B. Petrov, Ekaterina D. Dobreva, also connected with reaction of the tin(II)

Milka A. Encheva and palladium(II) chloride ions to several
complex Pd-Sn-Cl ions. The large excess of

Department of Chemistry, tin(I) chloride in the solution (3Sn/Pd 80)
Higher Institute of Mechanical and accounts for the high speed of the complexing
Electrical Engineering, 1156 Sofia reaction.

- Darvenitsa, Bulgaria The second stage is characterized by r-a-
dual transition of Pd-Sn-Cl ions into palladi-
um, accordingly into a Pd-Sn alloy core stabi-

After introduction of industrial electro- lized with jSnCl 31-:
less metal deoosition on plastic, glass, cera -r 2+ - --
mic and other dielectric surfaces, three theo- d SnyCll ---- o k(Pd-Sn) SnCl 3 ] 5  +
ries have been put forward - silicate, hydro- -

lysis, and ion-exchange - which seek explanat- + p[SnCl 6]2 q SfCln]
2

.
ion for the mode of retention on these poly-
mers of the tin(II), silver(I) and palladium At a ratio of Sn/Pd <3 in the solution,
(II) ions upon activation in the first gene- the Pd-Sn particle obtained is insufficiently
ration of electrolytes. stabilized and agglomeration appears:

At the end of the 'sixties the authors x(Pd-Sn) ISnCl-.4 i(Pd-Sn)ISCl4}
were the first to apnly the radlochemical mx

method and, as a result of extensive studies, The colloid nature of the activating sol-
they established that the sensitization and ution was prcved by means of the radiochemical
activation of plastic surfaces is the result method, SEM, light scattering and ultracentri-
of adsorption-diffusion processes. Determinant fugation.
is the ionic adsorption of the complex tin(II) The authors have established that the
chloride ions, the palladium(II) chloride ions colloidal activation of graft ABS, polypropyl-
respectively. It depends on the real surface ens, polystyrene, synthetic tissue kPETF) etc.
of the plastic, on the concentration of the is likewise the result of adsorption-diffusion
metal ions, and on the pE of the electrolyte, processes. These processes underlie also the
as well as on the temperature and duration of activation with alkaline electrolytes on the
the treatment. basis of complex palladium ions with organic

The sorption of the tin(II) chloride Ions ligands.
is of orimary significance in the sensitizat-
ion. The colloia particles consisting of a
core of hydrated Sn02 and2of an outer adsorpt-
ion layer rich in oCl1 - or In (OH

- )

Cl-In-, which are prese in a -l amounT in
the sensitized electrolyte or are additionally
introduced, raise insignificantly the concen-
tration of the tin sorbed by the plastic (col-
loid adsorption). At the subsequent activation,
both from the plastic surface and from the
h droly is products of the tin are obed

dc W which react with [SnCl0J - to the
respec ive complex Pd-Sn-CI ions:I dCl 14 -+ ISM cl"-nl + Sn2( O)H-).

nPd i Cl°1 n -

The second stage is redox reaction to

Pd and Sn :

Pd 2+ Sn2Cl- - 0 xPd+p[SnCI 6 2-x yx
+ q ISnC in 2

It is possible that the palladium nuclei
formed are a Pd-Sn alloy.

Using SEM, nucleation was observed at the
consecutive sensitization, ionic activation,
and electroless copper deposition on various
plastic surfaces.

On the basis of these adsorption-diffus-
ion concepts the authors developed and optim-
ized the second generation of electrolytes of
the direct ionic activation and the fourth ge-

neration - that of colloid activation. They

demonstrated theoretically the inexpediency of

the third generation of electrolytes of etch-

activation.
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Abstract No. 208

STUDIES ON INTERACTION OF POLYIWIDE stability (thermal decomposition temperature)

and mechanical properties.

WITH COPPER IN CURING PROCESS Fig.2 shows the results of FT-IR analysis of

the PI films cured on Cu at 330 -350C.

A remarkable decrease can be seen in the

K. Miyazaki, 0. Wiura and S. Numata absorbed signals due to the imide bonds with

the curing temperature. And this is considered

Hitachi Research Laboratory to be due to the decomposition of the imide

4026 Ruji-cho, Hitachi, Ibaraki bonds at such a lower temperature.

319-12 Japan Fig.3 is Cu content in the PI films cured on

Cu at 100- 350, shosing that a considerable

amount of Cu is contained in PI at a fairly lon

temperature. And as shown in Fig.4, the

dissolving Cu comes into precipitation in the

Introduction form of CuO by curing above 300rt. It can be

considered that the decrease in the thermal

Polyimides(PI) have been regarded as an en- decomposition temperature and mechanical

cellent insulating material in wiring systems of properties are related to the Cu dissolved in PI

mounting substrates)for LSI, because of its ino films.

dielectric constant and the high teeperature In order to investigate the reason of the

stability. It is very important to study in dissolution of Cu in the ,recursor-solution, the

detail the interfacial phenomena of the PI and solubility of Cu to DMAC, NWt and the precursor-

the wiring metals for insuring the quality of solution were meassured.

the dev. es. The results of Fig.5 indicates that the dissolu-

The interaction at the PI-Copper(Cu) inter- tion of Cu into the precursor-solution is sig-S 2) 5)
face has been reported previously, but most sork nificantly enhanced by the polyamic acid.

was on the interaction of fully cured PI with Cu Further experiments have been done to know

deposited on it. which functional group in the polyamic acid

The purpose of this study is to investigate caused the dissolution of Cu by employing car-

the interaction of the PI sth Cu in the curing bonylic acid and benzanilide-solution, carring

process of the precursor-solution. The charac- only carboxyl and amide respectively. As shown

teristics of the PI films cured on Cu and the in Fig.6, it became clear that carboxyl in poly-

dissolving behavior of Cu into the PI have been amic acid is the main reason of the Cu dissolu-

studied, tion into PI films.

Experimental Reference

The precursor-solution used in this study as (1) T. A. Lane, F.J.Relcurt and R. J. Jenson:

prepared by dissolving polyamic acid(Fig.l-a) IEEE Trans. Components, Hybrids. la nuf.

into DRAC-NHP solvent. A 15% precursor-solu- Technol., vol. CHHT-12, 577 (1987)

tion was spin coated onto Cu vapor-deposited on (2) P. S. Ho, P. 0. Rahn, J, W. Bartha, G. W.

Si wafers, and thermally cured at ID0-350*C for Hubloff, F. K. LeGnues and U. D. Silverman;

30min in N, atmosphere. (Polyamic acid can be J. Va . Sci. Technol. A, vol.3, 739 (1985)

fully imidized at 3501C for 30min and the imi- (3) R. C. White, R. Height, B. U. Silverman and

dized structure is shown in Fig.l-b) P. S. Ho ; AppI. Phys. Lett., vol.Sl, 483

The PI films cured at each temperature were (1987)

peeled off from the Si wafers, and meassured the (F * S Ohuhi and S. C. Frelich : J. 997.

thermal decomposition temperature and mechanical Sci. Teehnol. A4, 1039 (1986)

properties of the films. (5) S. P. Kowalczyk, Y. H. Kim, G. F. Walker and

The structusl change of the PI films cured on J. Kim ; AppI. phys. Lett., vol.52, 375

Cu was investigated by FT-IR spectra. and the Cu (1988)

content in PI was meassured by atomic absorption

analysis and visible spectrophotometer.

Results and Discussion

Table I shoes the characteristics of PI-filas

cured at 350- for 30min on Cu and other

msterlals(Al, Cr, SiO.). The PI films cured on

Cu are inferior to other films in thermal
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Fig-I Molecular structure of potyamic acid and polyimidle

(a) Polyamic acid (b)Potyimide (P1)

TabletI The characteristics of Pt-turns cured on Cu
and other materials

Materials of Decomposition Tensile Elongation
basis films Temp.('C) Strenqih(MPa) (*/.)

CU 380 107.8 8.0 Fjg.4 165 image and electron diffraction pattern of

Sic, 450 13 23 1 Oprecipitates in PI film cured at 350'C
Cr '50 131(3 16 8

At '50 (2 16.7

10,

truu 0,Ornr,

I -necarsianum of PtI)6

U

I10 , IM

]coo 1400 1000 20 4.0 60 80 100
Ware -~be (cm) Curing Temperature(*C)

Fig.2 FT-IR spectra of PI films cured on topper

(a) at 330C (b)lat 340*C (c) at 350C Fig.S The solubility of copper to precursor

solution and solvents

2.0- - ) I ICu Content

Pt llmo cared on Cu U
C ~Phthatlc Acid (41 ppmn)

1.00

Pt ~ ~ ~ ~ C tmn -ret nSiBnzanhtide (0.3ppm)

0 I) 20 0 0 400 500 600 700 800 0

Curltmg lemmpeaure (C) Wave Length (nm)

Fig.3 Cu, contenf in polyimide films in curing Fig.6 Visible spectra of benzanilide and
process phthalic acid
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Abstract No. 209

Surface Spectroscopic Techniques Applied to Metallized Plastics during a spectroscopic study of metal coverage dependence or
preparation. The sample holder should contain provisions to

N. 1. DiNardo mildly heat the samples for further in-vacuo curing. The insulating
nature of many polymer samples dictate that very thin layers be

Drexel University used to avoid charging; otherwise sample stabilization might be
Department of Physics and Atmospheric Science obtained by an electron flood-gun with the disadvantage of

Philadelphia, PA 19104 possible sample deterioration.

The local chemical bonding of metal atoms to functional polymer As an example, experiments have been performed to characterize
groups provides a microscopic basis for macroscopic interfacial clean and metallized polyimide surfaces and these have produced
adhesion in metallized plastics. Applications for metallized plastic very encouraging results. Hahn, et al. compared Nickel and
interfaces constrain materials properties beyond the desired Chromium films on polyimide with UPS and XPS I 1; DiNardo,
adhesion characteristics, For example, in microelectronics device et al. [2] used EELS to compare Palladium and Cr bonding on the
technology, insulation of a metal film from the substrate by a polyimide surface. These studies concluded that Ni and Pd are
polymer layer is a novel direction for advanced processing. Sharp, weakly bound while Cr forms a strong bond in the vicinity of the
homogeneous interfaces are desired; stability must be maintained carbonyl group. Information concerning adhesion is derived from
during processing and throughout operation; and the dielectric the experimental determination of spectroscopic changes between
properties must be compatible with the application. the clean and metallized surface. In addition, theoretical

calculations of metal-organic bonding can be compared to
We discuss several surface spectroscopic and structural experiment.

techniques as applied to metallized plastics. Spectroscopic
measurements of metal-polymer interfaces can provide a means to UPS [I I] indicates the formation of metal-metal bonds during
determine the nature of local bonding interactions. Surface science film growth as broad metal d-state emission. Polymer valence
techniques have undergone significant development over recent emission at about 4 eV bonding energy is reduced for Cr films
years. Optical techniques are being used more extensively, but suggesting strong reactivity of Cr with the substrate. However,
particle beams (electrons, ions, and atoms) operating in vacuum due to the overlap of many valence features of the polymer chains,
are the most widely-applied probes. The relatively short mean free the bonding location is not readily deduced. XPS spectra of the
paths of particle beams allow surface sensitivity to be maximized. C( Is) core levels [ I which can be identified as a function of local
A scientific goal is to extend techniques that are applied to the environment clearly shows that the carbonyl site is most affected
study of solid surfaces and interfaces to such problems. by reaction with a metal and that Cr substantially affects this site.
Equivalence must still be established between standard EELS vibrational spectra of clean polyimide films [3,41 have been
metallization techniques such as electrochemical deposition and in- analyzed by comparison to infrared absorption data, and discrete
vacuo processing. Here, we briefly introduce electron vibrational bands have been assigned. Deposition of a metal film
spectroscopic techniques and consider their application to study eventually gives a spectroscopic indication of the formation of a
chemical trends in the metallization of a thin polyimide film by conducting layer [21. Most significant, however, is the
example. observation that Cr immediately shifts the carbonyl stretching

vibration to lower energy [21. This result indicates retention of the
Consider the bonding of an organic adsorbate on a clean, well- carbon-oxygen bond at low coverage and charge transfer from Cr

characterized metal surface and relevant electron spectroscopic to antibonding states which reduces the carbonyl stretching
techniques to characterize the adsorption process. Core and frequency. These techniques in combination have provided a
valence electronic structure can be studied with x-ray (XPS) and rather compete spectroscopic picture of the microscopic bonding
ultraviolet photoemission (UPS) spectroscopies, respectively, interactions of a metal on a polymer surface.
Core level spectra at an interface can provide information on the
elements present, their concentrations, and the bonding Further studies relevant to adhesion science which has been
interactions by observing energy shifts in particular levels due to obtained using both surface spectroscopic and structural
electrostatic or chemical effects. Valence photoelectron spectra techniques will be reviewed, including applications of STM.probe states which may be involved directly in chemical bonding. infrared spectroscopy, RBS, and TEM. Technical issues such as
However their interpretation is often rather complex since energy interfacial homogeneity, the use of surface optical techniques and
levels related to substrate, intra-adsorbate, and adsorbate-substrate interface microscopy, and obtaining a further understanding the
bonds proliferate throughout this region. Vibration spectra sampling depth are important aspects are currently being
obtained with Electron Energy Loss Spectroscopy (EELS) give addressed. Surface science techniques will continue to increase
discrete features related to local adsorbate vibrational modes, our understanding of the basic chemical mechanisms for
adsorbate-substrate vibrations, and substrate phonons. For an metallization at polymer surfaces as the techniques andanalysis of the surface bonding, clean surface and isolated experimental analyses are refined for application to such complex
molecular bands are first considered as well as possible bands of interfaces.
analog gas phase complexes which might exist as reacted species.
As in infrared spectroscopy, general comparison of these reference
bands with experimental data for the adsorbed species indicates I gratefully acknowledge IBM Research, particularly I.E. Demuth
which structural features of the molecule which are retained. A and T.C. Clarke, for support of my work on metal-polymer
possible interpretation of missing bands is the occurrence of bond interfaces.
scission upon adsorption. Vibrational bands shifted from gas
phase values can be related to he bonding interaction and are the . P.O. Hahn, G.W. Rubloff. J.W. Bartha, F. Legoues, R.
most interesting. Selection rules related to the interaction Tromp. and P.S. Ho, in: Electronic Packagine Materials
mechanism can be used to understand acience. E.A. Geiss, K.-N. Tu. D.R. Uhlmann (Ed.). vol.

40, pp. 251-253. Materials Research Society, Pittsburgh
Application of electron spectroscopy techniques to insulating (1985).

organic films and metallized surfaces present numerous difficulties
but also are producing fascinating results. First, electron 2. N.J. DiNardo, I.E. Demuth, and T.C. Clarke,. Chen
spectroscopic measurements are performed in high vacuum Ehs. 8(ll), 6739-6749 (1986).
environments. Assuming sample stability in-vacuo and realizing
that much of the sample preparation, e.g. spinning on a substrate 3. N.J. DiNardo, I.E. Demuth, and T.C. Clarke. Chem. h)s.
and curing, is performed outside the vacuum system, a sample L&t. 121(3). 239-244 (1986),
transfer stage is required to introduce samples into the
spectroscopy chamber. Since samples are irreversibly altered after 4. ..J. Pireaux, C. Gregoire, P.A. Thiry. R. Caudano. and T C
metal deposition, several samples generally need to be transferred Clarke, L. Vac. Sci. Tehnol.A 5(4. 598-6(02 (1986),

2');:



Abstract No. 210

APPLICATION OF M6SSBAUER SPECTROSCOPY
TO THE STUDY OF METAL/POLYMER INTERFACES-

AN OVERVIEW

Henry Leidheiser, Jr., and Philip D. Deck
Department of Chemistry

and
Zettlemoyer Center for Surface Studies
Lehigh University, Bethlehem, PA 18015

Mossbauer spectroscopy can be utilized to study

the interface between a metal and a polymer by the
use of emission techniques. The active isotope is
concentrated at the surface of the metal, the polymer
is applied and the gamna ray emission spectrum is
determined. Alternatively, the metal may be formed
on the polymer. The gamma ray emission spectrum.
since it originates exclusively from the metal/
polymer interfacial region, generates chemical infor-
mation about the interfacial region. The magnitude
of the chemical shift gives information about the
valence state of the metal atom at the interface; the
chemical shift and the quadrupole splitting give
information about the nature of the chemical bond
between the metal and the polymer. Differences in
the spectra obtained at room temperature and at liq-
uid nitrogen temperature allow one to speculate about
the nature of metal species that diffuse into the
polymer.

Two metals are convenient for studies involving
emission Mossbauer spectroscopy, cobalt and tin.
Work to be reported will be limited to cobalt.
Information will be presented for the following poly-
meric materials: polybutadiene, polyimide, poly-
(acrylic acid), polyacrylamide, a thermoplastic
acrylic, an aliphatic amine-hardened epoxy, a vinyl
ester and a silicon-modified alkyd. Polymers under-
going oxidative cure, such as polybutadiene and the
alkycd, caused reduction of Co(ill) species at the
interface. Polymers with pendant acid functionali-
ties, such as poly(amic acid) and poly(acrylic acid),
yielded Co(Il) carboxylate species at the interface.

Information will also be presented on the nature
of chemical changes that occur as a function of time
of exposure to the atmosphere or to an aqueous
medium.

Suggestions will be made concerning the applica-

tion of the technique to studies of metallized poly-
mes.9
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Abstract No. 211

THE NETAL/POLYMER INTERFACE AS STUDIEl

NONDESTRUCTIVELY -- AN OVERV-EW

Philip D. Deck and Henry Leidheiser, Jr.
Department cf Chemistry

and

Zettlemoyer Center for Surface Studies

Lehigh University. Bethlehem, PA 18015

Interfacial chemistrl existing between an organic

polymer coating and a metal substrate was investigated
using internal reflectance Fourier transform infrared

spectroscopy (IR-FTIR) and emission Mossbauer spec-

troscopy. Special sample preparation for both tech-
niques allowed for interfacial probing without inter-
face disruption. The advantages and limitation of

each technique will be outlined.

Two coatings, with different curing mechanisms,

were investigated through IR-FTIR for their interac-
tion with several metal substrates. The degree of
interfacial polymer oxidation of polybutadiene was

dependent on the substrate metal. Polyimide, which is

the cyclodehydratio product of poly(amic acid), gave
evidence for the presence of ionized acid groups

within the polymer in the interphase region with some

metal substrates.

The above two coatings, along with poly(acrylic
acid), polyacrylamide, a thermoplastic polyimide, a

thermoplastic acrylic, an aliphatic amine-hardened
epoxy, a vinyl ester polymer, and a silicone-modified

alkyd were studied on cobalt substrates using emission
Mossbauer spectroscopy. Coatings undergoing oxidative

cure, such as polybutadiene and the alkyd, caused

reduction of Co(III) species at the interface. Poly-
mers with pendant acid functionalities, such as

pol-(amic acid' and poly(acrylic acid), yielded Co(li)

carboxvlate species at the interface.

ion
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A STATIC SIMS STUDY OF METAL-POLYIMIDE * after annealing the Cu-PI interface spectra

INTERFACES have become identical to those of the Cr-PI

W.J. van Ooij,* R.H.G. Brinkhuis* and interface;

J.M. Park** e the PI-sides of the interface with both
•Department of Chemistry and Geochemistry, metals contain some Cu or Cr; during

Colorado School of Mines, Golden, CO 80401 annealing more copper diffuses into the
eIBM, Endicott, NY 13687 polymer.

The interface between evaporated films of CU These qualitative results suggest a
or other metals and polyimides have chemical modification of the PI by the

traditionally been studied by XPS [1]. Such metals. Cr is more reactive than Cu which
studies have demonstrated an attack of the
carbonyl oxygen by a reactive metal such as requires a post-deposition heating step for
carbnAl orxyge nd a reacke ofiea cn in the same modification. This modification

Cr, Al or Ti, and a lack of interaction in seems to be directly related to the adhesion
the case of copper. Despite such studies, of the metal films. The metal seems to react
the metal-polyimide adhesion is still not with the imide functionality and rupture of

completely understood, the planar imide structure could result in
We have applied static SIMS to the study the formation Of more mobile polar groups

of the interfaces between copper or chromium which then fon complexes with the metal.

films and polyimide (PI) of the PMDA-ODA These remain on the metal side of the

type. In recent publications we have Tere Th e et ao side ,

demonstrated that SIMS is a very powerful interface. The spectra of that side,

technique for the characterization of polymer especially in the case of chromium, are

surfaces and of surface modifications [2). consistent with a complex of the type;

The copper films were of 50 pm thickness, _OCrOCNC6H4_OC6H
the chromium films were applied as 50 nm 4- 4'

interlayers between copper films and More detailed studies, e.g. with model
polyimide layers spun-coated and cured on
silicon wafers. The metal films were peeled systems, are in progress.
off in ambient conditions and immediately 1. N. Lefakis and P.S. Ho, Bull. Am. Phys.
analyzed. The Cu-PI interface was also . 731 (1987)

analyzed following heating in vacuum for 2 Soc., or2, 731 (1987).

hours at 300"C. This treatment increased the 2. Interface Anal., in press.

peel strength of the films markedly.

SIMS analyses were carried out with
quadrupole instruments employing either a Ga±
primary source of 5 keY and 0.5 nA in a 2x2 Table I

MM
2 

area or a 4.5 keV Xe+ source of 7 nA/cm
2

current density. Ion beam damage or SIMS intensity ratios in PI, Cu-PI and Cr-PI

sputtering effects can be excluded under
these strictly static SIMS conditions (2). ratio: CN- CNO- 0- CNO- 50+51 27

For all samples, positive and negative spetra CH- CH- CN- CN- 55 29

were recorded.
Some of the observations and conclusions P1 6.0 0.9 2.5 0.16 1.2 1.15

from these analyses are the following. These
results are summarized in Table I, in which PI (CU) 5.1 0.8 2.8 0.16 2.1 1.38

some important peak intensity ratios are

plotted. PI (Cr) 14.5 3.2 2.8 0.22 2.8 1.71

* the failure is in an organic layer for both PI*(Cu) 13.6 3.1 2.8 0.23 2.7 1.69

metals but the film remaining on the metal
side is very thin; Cu 6.0 2.4 2.0 0.40 0.3 0.74

. the PI side of the Cu-PI interface is more Cr 10.8 4.9 2.4 0.45 0.5 0.94

PI-like than the PI side of the Cr-PT Cu* 10.4 4.8 2.9 0.41 0.1 0.91
interface;

* the PI sides of both interfaces form higher Tannealed 2hrs at 300C

yields of aromatic fragments (e.g. 50+51,
Table 1) than the PI control;

* the organic material remaining on the metal
sides of both samples is different from the
original PI: it forms a higher yield of CNO
ions, is less aromatic and less unsaturated;

* the metal sides of the two samples seem to

contain metal complexes which are different
for the two metals;

* the yields of CNO" and CN- ions from the

Cr-PI interface are higher than from the
Cu-PI interface, suggesting cleavage of the
C-C bond between a CNO group and an aromatic
ring;
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Abstract No. 213

ELECTRON INDUCED VIBRATIONAL SPECTROSCOPY STUDY OF Polyimide is a very important technological mate-
THE INCIPIENT INTERFACE FORMATION BETWEEN EVAPORATED rial ; it presents a particularly complex monome-
ALUMINUM LAYER AND POLYMER FILMS tic unit, with many different chemical groups.

In order to unravel the relative reactivities of
J.J. Pireaun, N. Degosserie. Y. Nosis, M. Chtalb specific chemical functions, it was mandatory to
and R. Caudano study the aluminization of simpler polymers.

Faculths Universitaires Notre-Dame de la Pain, Poly(acrylic acid) or PAA contains both C=O and
Laboratoire Interdisciplinaire de Spectroscopse C-OH functionalities. The HREELS spectrum of a clean
Electronique, Rue de Bruxelles 61, B-5000 NAMUR PAA film reveals however the OH groups are not avai-
(Belgium) lable, as they are all involved in hydrogen bondings

between different polymeric chains. Therefore,
Should a scientist work on the increase of adhesion evaporated aluminum atoms are first seen to react
properties between metal and polymer films, then close to the carboxyl unit, whose vibrational inten-
should he be highly interested in the understanding sity around I 700 rm

-1 
rapidly and completely dis-

of the fundamental processes bonding the two layers, appears ; surprisingly no hand characteristic of
These mechanisms are known, for example as an elec- either a metal-O-polymer complex or aluminum
trostatic interaction, or a true chemical bonding oxide is detected. At larger Al coverages, a highly
between the layers ; thus they involve a (partial) structured and broad band appears around 800 cm

-
1,

charge transfer between the metal and one (or more) where the Al-O or Al-C stretches should be seen.

polymer atom(s). Amongst the experimental techniques
used to characterize the interface formation during Poly(vinyl alcohol) or PVOH presents on its surface
the polymer metallization, X-ray induced photoelec- -OH groups to the evaporated Al atoms. Indeed, the
tron spectroscopy (XPS or ESCA) has certainly con- d(OH) band intensity completely disappears as soon
tributed to the major achievements in this field ; as Al atoms are deposited ; at the same time, the
e.g. if the polymer contains oxygen atoms, the v(C-H) band intensity increases, and a new structure
metallic atoms do generally interact with the appears around 600 cm-!. After further Al evapora-

substrate oxygen to form metal-oxygen-polymer lions, a broad feature developped between 600 and
complexes (I). However, the analysis of the binding 800 cm

- I
.

energy shifts of the XPS peaks, especially of the
"hydrocarbon type" Cls one around 285 eV, is in Polystyrene is another interesting polymer as it
some ease not straightforward ; hydrogen cannot be does not contain any heteroatom, but saturated and
detected ; the exact geometrical configuration of unsaturated bonds. The aluminization of PS is not
the metal-polymer entity cannot be deduced. detected by any HREELS feature - except a broadening

of the elastic peak - before about ten A layer has
Ootical (Infrared or Raman) spectrosropies should been deposited ; then, the aromatic CH stretch bands

be capable of answering these questions ; however, derreases, with the growing up of a broad band around

they need very special improvements to be sensitive 800 cm-1. This last feature is still growine after
enough to probe an interface that is a few tens of subsequent Al evaporation.

angstrom thin. Recently, the adaptation of another
'crczt-e t tcucnicuc, namely High Resolution Those observations will be commented in more detail
Eletron Energy Loss Spectroscopy (or HREELS), ha- and a model explaining the interaction of aluminum
been extremely successful in characterizing atoms with the different chemical funtienalities
polyimide / evaporated chromium, palladium (2) will be proposed.

and aluminum (3) interfaces.

HREELS is a UHV spectroscopy using as a probe a References
low energy electron beam (0 to I0 eV impact energy)

that is highly monoebromatized (usual resolution (I) W.J VAN OI, in Physicohemical Apects of

on a polymer sample = 10 meV or 80 cm-), The beam Polymer Surfaces, edited by K.L. Mittal

backscattered from the sample surface is analyzed (Plenum, New York, 1983) Vol. 2, p. 1035.

in energy, and presents an ensemble of loss peaks,
attributed to thc electron excitation of vibrational (2) N.J. DINARDO, J.E. DEMI'TH, T.C. CLARKE, Chem.

modes of chemical groups at the extreme polymer Phys. Lett. 121, 239 (1985) J i. Vac. Sci.

surface. The study of the incipient interface for- Terhnol. A4, 1050 (1986).
mation between aluminum and polyimide at room
temperature is particularly rich in information (3) i.J. PIREAUX, M. %IER.MEERSCH, Ch. GRECOIRE,
when the metal is evaporated at very low rate P.A. THIRY, R. CAUDANO, T.C. CLARKE, -A. Chem.

(about I A/min) from a Knudsen effussion cell, its Phvs. 88, 3353 (1988).

equivalent coverage on the polymer surface can he
precisely measured, and different %uccessive

"chemical react;ons" are distinguished : first, the
Al atoms do react with half of the C=O carboxy] in
the polymer, to form a C-0-metal complex ; then,

other Al atoms do diffuse into the polymer, breaking
bonds, leaving new CH and OH species on the surface;
finally, the formation of a metal oxide (or carbide)
developped on the surface. During the formation of

the polymer-metal complex at the very interface, a

very large electronic delocalication is evidenced,
with a concomitant modification of the geometry of
the polymer monomeric unit, after bonding with the

aluminum atoms (3).
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XPS AND HREELS STUDY OF THE ALUMINUM / differs strongly from one treatment to another,

POLY (ETHYLENE TEREPHTHALATE) INTERFACE AND THE giving dramatic changes in metal adherability.

INFLUENCE OF POLYMER SURFACE PRETREATMENT. An empirical conclusion is that *if incorporation
of polar function can be of interest for improving

Y. Novis , M. Chtaib , J. Vohs , J.J. Pireaux , adhesion of Aluminum to PET, this is surpassed

and R. Caudano, - by far - by the effect of the tru ural

changes (photolytic chain scission, crosslinking,

Facultds Universitaires Notre Dame de la Paix, amorphisation... ) in the polymer surface.

Laboratoire Interdisciplinaire de Spectroscopie

Electronique, rue de Bruxelles , 61, High Resolution Electron Energy Loss Spectros-
B-5000 NAMUR (BELGIUM). copy ( HREELS ) has recently been implemented

(ref 4) to elucidate interaction mechanisms

P. Lutgen , G. Feyder, between evaporated metal and PET.
Preliminary results with this vibrationnal

Research Department, DO Pont de Nemours (Lux,)s,a. spectroscopy will be presented. It shows that,

L-2984 CONTERN (Grand-Duchy of LUXEMBOURG). on the unmodified PET samples, Aluminum reacts

preferentially with Carboxyl groups in the

Interface properties between evaporated submonolayer coverage regime when evaporated by

metal and polyester films are important a Ultra High Vacuum Knudsen cell. Further studies

technological isoues in various fields. Polymer are planned in order to approach the interface

supported magnetic media, metallized plastics formation in the case of modified polymer

for flexible food packaging or capacitors are surfaces.

often faced with the need for adhesion improvement

between the deposited layer and its substrate. Acknowledgment: This work is supported by

EEC grant N RI IB-0178.
The presence of polar functionnalities at the

polymer surface and its structure ( crystallinity, References:

cross-linking,...) are known to be key parameters

which can affect drastically the metal adhesion I. D.L. Allara, F.M. Fowkes, J. Noolandi,

to polymer.(see e.g. ref. I & 2.) CG.. Rubloff, M.V. Tirell; Mat. Sci. and

Poly (ethylene terephthalate) - PET - Mylar
R  fg., 83, 213 (1980).

films have been superficially modified in 2. S.L. Vogel and H. Schonborn; Journ. of Polym.

different ways in order to change their surface Sci.,23, 495 (1979).

structure and chemical composition.

3. J. Amouroux, M. Goldman, F. Revoil
Creation and/or modification of surface Journ. of Polym. Sri.,Pol. chem. ed., 19

functionalities have been analysed by X-ray 1373 (1982).

Phetoelectron Spectroscopy (XPS) from the

shape , area and binding energies of C Is, 4. J.J. Pireaux, N. Degosserie, Y. Novis,

O Is and N Is core level spectra of PET before M. Chta~b and R. Caudano; this Symposium.

and after various treatment like Corona,
low pressure plasma,U.V. laser and U.V. lamp

irradiation in various atmospheres ( 02 , N
2

air, NH3.)

These analysis have been correlated with

the evolution of the adhesion strength in peel

test.

Corona treatment in air , N2 and NH3 produces

a strong increase in adhesion that can be

attributed to both crosslinking of the surface

and introduction of polar ( CEN , C=O , C-O ...

functionalities. Presence of 02 in the discharge

tends to be a negative factor for adhesion
improvement. This is probably due to the appea-

rence of some chain scission effect with 02,

while N2 and NH3 produce rrosslinking (ref 3.)

This is indirectly confirmed by XPS data on

these samples after thermal annealing in vacuo.
The high temperature stability ( up to 200 *C)

of Nitrogen functionalities compared to

oxygenated groups ( around 120 'C ) can be
interpreted as a sign of a network created by

Nitrogen atoms, preventing surface reorgani-

zation far above the glass transition tempe-

rature of the polymer , while Oxygen produces

low molecular weight fragments via chain
srission.

Low pressure plasma, U.V. lamp and U.V.

laser treatment have been studied in a similar

way. They all produce new chemical functions
at the polymer surface. However, the super-
firial structure created in the polymer
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Interfacial Chemistry of Metal Films on Polymers: or ESCA), ISS (lIon Scattering Spectroscopy), and SIMS
Diffusion, Oxidation, Trace Components Studied by (Secondary Ion Mass Spectroscopy), to investigate the

XPS, ISS, and SIMS. detailed chemistry of several systems including Al,

Ti, and Cu films. ISS has been extremely useful in

Gene C. Sparrow monitoring the detailed changes ocurring in the outer

Larry Homstad few Angstroms of the surface as well as at the

interface, and ESCA or XPS has been key at monitoring

Advanced R & D, Inc. actual changes in bonding chemistry of individual

American Thin Films, Inc. elements, especially C and 0 throughout the thin

film. SIMS has been unique in monitoring the nature

245 E. 6th St. of trace contaminants and their changes throughout the

St. Paul, MN, 55101 entire films as well as providing unusual information

concerning variations indicative of changes in the

The ultimate appearance and performance of nature of bonding within the bulk metal film itself.

metallized polymers is greatly affected by the
thickness and chemistry of the particular thin film. Most of the work presented was accomplished
Even subtle changes in deposition conditions can using sputter-coated metals on either polyethylene or
greatly affect this chemistry. Three obvious polypropylene webs 10 to 20 incheds in width. The
features of these films include the nature of the majoriLy of this work involved deposition of Al, Ti,
outer 5 to 10 Angstroms, the nature of the bulk or or Cu metals. The analysis was conducted using a
major film itself, and especially the chemistry of KRATOS X-SAM 800 combined Scanning Auger Microprobe
the interface. Although the chemistry of these three (SAM) / ESCA (XPS) system. Concentration depth
layers can be controlled to some extent by profiles of the various elements detected were
processing, it is nearly impossible to prevent some obtained by slowly sputtering the surface using a low

aspects which are inherent in this chemistry and energy of Ar ions across an area about 20 square .

processing. The distribution of oxygen and carbon in different

forms was also monitored quantitatively using
One of these is the occurrence of at least some software deconvolution of these peaks obtained using

diffusion of metal and polymer at the interface. high energy scanning to acquire the data. The
This not only depends on the original chemistry of distribution of oxygen at the interface was of
the polymer surface, but also on the specific primary interest. SIMS data were obtained using a
conditions used to prepare the polymer for deposition KRATOS Model 535 BX combined ISS / SIMS instrument.
and the initial deposition conditions. Another Trace levels of Na, K, Cl, and other inpurities were
natural occurring problems is that of oxidation of monitored by SIMS.
the metal at the outer surface and its subsequent
contamination by foreign materials. Although most systems were found to be

susceptible to heating, which broadened the
A third and very difficult problem involves the interface, very thin films of Al were found to be the

level of contaminants incorporated into the bulk of most severely affected. This was evident by
the thin metal. For active metals such as Al and Ti extensive incorporation of oxygen into the ent-s
this can be very extensive oxidation which is Very thickness of the film. Cu was least affected,
dependent on the rate of deposition and the nature of however, it exhibited the greatest complexity as far
the vacuum in sputter or vapor deposition systems, as contaminants.

In electrochemical depositions, it can be very
dependent on the specific conditions and the amount Illustrations obtained from these three
of water, -OH, and trace components incorporated analytical techniques will be presented and will
during depositions, include profiles showing the variation of Oxygen from

the surface to the interface, the effects of heating
We have utilized the three extremely sensitive and other processing variations on the nature of the

techniques of XPS (X-ray Photoelectron Spectroscopy interfacial boundary, and where various trace

contaminants tend to segrate due to processing.
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The Application of Rutherford Backscattering
to the Characterization of

Metallized Plastics

Michael D. Strathman
Charles Evans & Associates

301 Chesapeake Dr.
Redwood City, CA 94063

Rutherford Backscattering Spectrometry (RBS)
is one of several MeV-Ion techniques
currently being used for the
characterization of thin film systems. This
paper will discuss the application of this
rapid analytical technique to the analysis
of thin metal film systems which have been
deposited on plastic substrates. Several
important techniques which can be used to
minimize ion beam modification of the
materials system during the analytical
procedure will also be presented. Some of
the systems which will be examined include
quantitative determination of the
stoichiometry of optical films,
investigation of adhesion problems of
metallic thin films on plastic, and the
determination of the hydrogen content of
these metallic layers.
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METAL INTERLAYERS IN POLYMER FILMS: Patterned and contoured interlayers may be

A SURVEY OF DEPOSITION PROCESSES, MORPHOLOGY, created by a number of different strategies. Pat-
ELECTRICAL PROPERTIES, AND PATTERNING METHODS ternwise regulation of reagent concentrations at the

film surfaces can be achieved using patterned
cathodes(2,4) or photo-conductive cathodes(6).

S. Mazur, L. E. Manring, M. Levy, These approaches result in systematic curvature at
G. T. Dee, and S. Reich the edges of the metallized pattern. Alternatively,the bulk permeability of the film itself can be

controlled(7) to create two-dimensional patterns,
Central Research and Development Department for example, by the use of a photopolymerized net-
E. I. du Pont de Nemours & Company, Inc. work. This approach avoids curvature and is capable

Experimental Station of creating high aspect ratio conductive traces 10

Wilmington, Delaware 19898 microns in width (ca. 2 microns thick in 25 micron
thick film).

Metal interlayer deposition comprises a family References

of processes(I-3) for growing a thin, electrically

conductive metal film within the bulk of a preformed 1. L.E. Marnring, Polym. Commun., 1987m, 168.

polymer film. The metal is formed by in situ re- 2. S. Mazur and S. Reich, 1986, 90,

duction of a metal salt which is allowed to diffuse 1365.

into the polymer film from one surface while the 3. M. Levy, L.E. Manring, & S. Mazur, J. Electro-
reducing agent simultaneously diffuses from the chem. Soc., in press.

opposing surface. 4. ;.T. Dee. L.E. Manring, S. Mazur, J. Phys. Chem..
1987. 91, 6699.

Three different variantr of this process have 5. S. Reich, S. Mazur, P. Avakian. & F.C. Wilson, J.

ben explored. In an electroless version(l), the Appl. Phy., 1987, 62, 287.

polymer film is employed as a free-standing membrane 6. H.C. Hadley & S. Mazur, U.S. Patent #4,457,833.

separating two reagent solutions. The electrochemi- 7. L.E. Manring, unpublished results.

cal versions employ a film supported on the surface
of an inert cathode immersed in an electrolyte solu-
tion containing the metal ions. Electrons from the
cathode are transported to the reaction zone either
by redox-exchange reactions of the polymer itself
(polymer mediated electrodeposition(2)), or else by
means of an independent organic redox reagent dis-
solved in the electrolyte (electron carrier mediated
electrodeposition(3)). In all cases, it is nerces-
sary that the polymer be swollen by the solution in
order that a significant flux of reagents is
maintained.

Depositions have been carried out in both

amorphous and semicrystalline polymers including

,'!!lose, aromatic polyimides, PVC, PVF and PVF.
Metals have included Ag, Au, Cu, Hg, and Ph. In all
cases the metal precipitates in the form of micro-
particles with diameters generally less than 100 nm

(often in the range of 15 nm). The local volume
fraction of metal achieveable can vary considerably
with the process conditions, and can be as high as
0.72. The location(I-3) and distribution(4)
of particles within the interlayer is governed by
the reagent transport parameters, reaction rate

constants, and experimentally regulated parameters
(film thickness, concentrations, and applied poten-
tial). A theoretical model was developed(4) which

successfully accounts for virtually all morphologi-

cal detail on length scales greater than 100 nm.

Electrical properties were studied for Au and

Ag interlayers in the polyimide derived from pyro-
mellitic dianhydride (PHDA) and 4,4'-oxydianiline

(ODA). The as-deposited interlayers have bulk
conductivities approximately 500 times lower than
that of the equivalent bulk metal. However, it was
discovered(5) that annealing at temperatures between
200 and 350 

0
C results in a dramatic increase in

conductivity (close to bulk metal) without detect-
able decomposition of the polymer. The evidence
indicates that this behavior results from a partial
sintering of the microparticles.

306



Abstract No. 218

SURFACE MODIFICATION OF CONDENSATION POLYIMIDES VARIABLE LOW VALUE HIGH VALUE
WITH COPPER COMPLEXES Dopant Level 6 moe- T 2mole %

Curing Atmosphere Dry Air Moist Air
G. M. Porta, J. 0. Rancourt and L. T. Taylor Casting Substrate Polyimide Glass

Time at 80C 20 min. 120 min.
Virginia Polytechnic Institute and State University Max. Cure Temp. 200C 300%

Time at T 20 min 120 min.
Department of Chemistry 

max

Blacksburg, VA 24061-0212 The fractional factorial strategy employed allows
the effect of each of the variables to be assessed
within 12 experimental runs. The variable settings

Aromatic condensation polyimides are useful for for each run were determined using a 12-run Plackett-
aerospace, electronic and specialty consumer markets Burman design. The techniques used to characterize
because of their excellent chemical and thermal these films have been described elsewhere L21.
stability and favorable mechanical properties L].
Although in some applications the extremely high In general, good quality films were produced
electrial resistivity is a beneficial attribute regardless of the combination of process conditions
(-xlO ohm cm at 0% R. H. and 25'C), in other employed. There were, however, vast differences in
applications this high resistivity is a detriment the amount of material that was deposited on the air-
because it allows substantial levels of static charge side of the film. Within the sampling depth of X-ray
to accumulate. And, of course, there is great utility photoelectron spectroscopy from 1.0 to 29.0 atomic
in rendering selective portions of insulative percent copper was detected. The higher levels of
materials conductive or semiconductive as is done in copper were attained when the higher conversion
the fabrication of circuit boards and electronic temperature and/or the higher copant level were used.
devices. The surface atomic composition of the films,

determined by XPS, indicates the presence of fluorine,
In an effort to reduce the surface electrical which is a measure of the amount of copper that is not

resistivity of polyimides while maintaining the other present as either copper metal or copper oxide. The
useful engineering properties, polyimides have been most fluorine was retained when the dopant level was
modified with a variety of metal salts and metal high, the tine at T max was short, the B-stage was long
complexes. During thermal imidization of the (i.e. time at 80'C), and the film was cured in dry

poly(amide acid) the dopant migrates to the surface of air.
the film and is converted to either metal or metal
oxide. This methodology has been shown, in previous The fluorine that is present on the surface of
work, to be capable of producing oxides of cobalt, the films appears in two chemical states. One form is
copper and lithium and, palladium, silver, copper and copper fluoride while the other is residual dopant.
gold metal surface layers, for example. Cu(TFA) 2 . The films are being evaluated by other

techniques to more completely characterize this
Recently, the physical structure and electrical polymer/dopant system. Details pertaining to the

properties of the surface region of these films were evaluation and understanding of these materials will
modeled L2i. This model allows one to predict the be presented.
surface conductivity that will be attained for a given
type, thickness and position of a conductive layer. Acknowledgements
It had been shown that the process thermal conditions
required to convert the poly(amide acid) to the The authors gratefully acknowledge the financial
polyimide, in conjunction with controlled cure support from the National Aeronautics and Space
atmospheres, result in a wide range of surface Administration, Langley Research Center. The
electrical properties for a particular dopant in a microscopy evaluations performed by M. L. Porta are
given film. For example, the surface resistivity of also appreciated.
polylmide films modified with cobalt chloride was
varied over three orders of magnitude simply by References
altering the cure atmosphere. It was considered
likely that other process variables may similarly 1. K. L. Mittal, ed., Polyimides: Synthesis.
influence the final properties of the films. An Characterization and Applications, Vol. 2, Plenum
experimental strategy that allows economical screening Press, NY (1984).
of a variety of variables was adopted and implemented.

2. J. D. Rancourt, R. K. Boggess, L. S. Horning andPolyimide films were obtained by reacting L. T. Taylor, J. Electrochem. Soc., 134, 85
equimolar amounts of 1,3-bis(3-aminophenoxy)benzene (1987).

(APB, National Starch and Chemical Co., Bridgewater,
NJ) with 3,4,3',4'-
benzophenonetetracarboxylicdianhydride (BTDA, Allco
Chemical Corp., Dallas, TX) in N,N-dimethylacetamide
(DI4Ac, HPLC Grade, Aldrich Chemical Co. Milwaukee,
WI). Solutions were prepared at 15-20 wt% solids
concentration at room temperature under a dynamic
nitrogen atmosphere. The solutions were modified with
bls(trifluoroacetylacetonato)copper(II), Cu(TFA)2 and,

after the solution was homogenous, were cast on soda-
lime glass plates or onto fully cured polylmide films
with a doctor blade to a thickness of 0.019". The
films were subsequently cured to 80, 100, 200' and
300'C. The actual process variables used to produce
films are listed below.
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Various Stress Measurement Techniques for Thin

Metal Films on Plastics*

Norman L. Thomas

Lawrence Livermore National Laboratory

P.O. Box 808, Livermore, California 94550

Thin film stress can play an important part in

the fabrication of thin metal films on plastic
substrates, and can cause unwanted deformations and

failure. The stress parameter has been shown to be

adjustable by varying the deposition parameters

during thermal evaporation or sputtering. For

example, ion assisted reactive evaporation is a

deposition technique which has been shown to be

useful in controlling stress, in addition to other

thin film parameters. The successful application of

these techniques requires that the stress be

monitored, in situ, during a coating run, or, by

means of a piggy-backed stress monitor disk whose

curvature is measured after the coating run.

Several stress measurement techniques will be

described, including:

1. X-ray diffraction
2. Raman shift
3. Resonance membrane
4. Cantilever beam

5. Laser scanning
6. Geometrical optical

7. Moire fringes
8. Optical interference

Thin film stress is caused by lattice strain

Laueu by tn- manner n '4bcn '9 fi.,; f. C;, dnd

by differential thermal contraction of the film and

substrate during cooling. These stress contributions

are known as the intrinsic and thermal parts.

The x-ray diffraction and Raman techniques are

used to determine the lattice, strain, directly. 
The

other techniques measure the bending of a disk or

rectangular beam by optical methods.

Some data will be presented on thin film stress

versus deposition parameters in order to illustrate

how one can control thin film stress by adjusting

those parameters.

*Work performed under the auspices of the U.S.

Department of Energy by Lawrence Livermore National
Laboratory under contract #UW-405-Eng-48.
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DEPENDENCE OF STRESS ON DEPOSITION CONDITIONS FOR
SPUTTERED COPPER FILNS ON FLEXIBLE POLYINIDE
SUBSTRATES

A. Entenberg, V. Lindberg, L. Fendrock, Sang-ki
Hong; Department of Physics and Center for Materials
Science and Engineering, Rochester Institute of
Technology, Rochester, New York, 14623;

R. S. Horwath Systems Technology Division, IBM
Corporation, Endicott, New York 13760.

We have investigated the dependence of internal
stress on argon pressure

1 
and deposition rate for

0.25 um copper films sputtered onto a i-mil (25
pm) - thick polyimide substrate, A dc planar
magnetron was used to deposit the copper onto a
flexible substrate (Kapton) which was held flat
by top and bottom edges. We observed two types
of stress: tension, in which the film is trying
to contract on the substrate and compression, in
which the film is trying to expand on the substrate.
The stress is primarily of an "intrinsic" nature,
relating to the interfacial mismatch between the
natural atomic structures of the growing film and
the substrate surface. Using a formula due to
Stoney, stress was estimated directly from the
resulting radius of curvature of the relaxed film
and substrate. At a fixed deposition rate of 2.0
A/s, there is a stress transition from compression
to tension at a pressure of about 2.5 mTorr. At
a fixed pressure of 5.0 mTorr, there is a stress
transition from tension to compression at a
deposition rate of about 4.8 A/s. Scanning electron
micrographs (SE1M show columnar grains with a void
network for films under tension and smooth, tightly
packed surfaces for films under compression. The
origin of the tensile morphology is a "shadowing"
mechanism operative at higher argon pressures;
at lower pressures, an "atomic peening" mechanism
is responsible for the compressive morphology.

2

The morphology data are consistent with the
Movchan-Demchishin zone model diagram as extended
by Thornton for the growth of sputtered films.

3

Film resistivity and reflectivity were closest
to their bulk values for compressive films deposited
at low argon pressure and high deposition rate.
At a deposition rate of 2 A/s, the critical pressures
at which resistivity starts to rise and reflectance
begins to decrease are very close to the
aforementioned stress transition pressure.

1  
In

general, the data are consistent with the
dependencies of physical properties on pressure
and deposition rate observed for other metals.
We are currently examining the effects of film
thickness and residual gas pressure on stress.
The ultimate goal of this research is to correlate
stress with the adhesion between film and substrate.

1. A. Entenberg, V. Lindberg, g. Fletcher, A.
Gatesman, R. S. Horwath, J. Vac. Scd. Technol.
A 5, 3373 (1987).

2. D. W. Hoffman and J. A. Thornton, Thin Solid
Films 40, 355 (1977).

3. J. A. Thornton, in Deposition Technologies
for Films and Coatings, edited by R. F. Bunshah
(Noyes, Park Ridge, NJ, 1982), pp. 211-219.
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ADHESION OF CHROMIUM, NICKEL, AND COPPER TO and nickel, c occurs in the prominent 3D
POLYMERS CONTAINING BASIC FUNCTIONAL GROUPS band, where the DOS is high. Thus, there are

many empty orbitals with which a base can
Stephen R. Cain interact. On the other hand, the DOS for
Luis J. Matienzo copper is small in the immediate vicinity of
Francis Emmi e. Further, c of copper is at higher energy

than c of either chromium or nickel. Acidity
IBM Systems Technology Division of the metals should follow the trend,
1701 North Street
Endicott, NY 13760 Cr > Ni > Cu

A similar trend holds for the metal oxides.
Adhesion of metals to polymers depends on the
chemical, mechanical, and electrostatic na- In addition, the calculations indicated that
ture of the interface, as well as diffusion nickel and chromium oxides are much more
phenomena (1]. In this paper, attention has acidic (in the Lewis sense) than the clean
been focused on the chemical component of metals, owing to the decrease in metal orbi-
adhesion, which is governed to a large extent tal energy with increased oxidation state.
by acid-base interactions. On the other hand, a clean surface of copper

was found to be about as acidic as the oxide,
Surface acidity of a variety of metal oxides a result of balance between increased oxida-
have been characterized by their isoelectric tion state and decreased DOS of unoccupied
points [21, but this approach has been limit- bands. Acidity for all the systems studied
ed to aqueous media, where the Bronsted-Lowry follows the trend,
concept of acids is applicable. In devising
a theory which is applicable to non-aqueous Cr203 > NiO > Cr > Ni > Cu 20 = Cu
systems, e.g. vacuum deposition, the more
general Lewis definitions should be used. The chemical component of adhesion is expect-
Interactions of electron pairs (Lewis acid- ed to follow the same trend, where the poly-
base chemistry) is readily addressed by mole- mer of interest contains basic functionali-
cular orbital calculations, ties (e.g. amino groups).

From a quantum chemical perspective, acidity
is determined by two factors: 1) the number
of empty orbitals which can interact with a REFEPENCES
base, and 2) the energy of the empty orbi-
tals. The first factor is somewhat intui- 1. K.L. Mittal; Polymer Eng. Sci.; 1_ t1977);
tive: the larger the number of empty orbitals p. 467.
available to accept electron lone pairs, the
greater the probability of bonding to a base. 2. J.C. Bolger; in "Adhesion Aspects of Poly-
The second factor is derived from application mer Coatings"; vol. 1, K.L. Mittal, ed.,
of perturbation theory to acid-base systems. Plenum Press, New York (1983); p. 3.
Species (atomic or molecular) are acidic if
their empty orbitals are low in energy.
These criteria are readily determined for a
large surface by performing band calcula-
tions. From such calculations, the Fermi
level (energy of the highest occupied molecu-
lar orbital) and the Density of States (num-
ber of orbitals in the energy range E to
E+dE) can be obtained. For a solid to be Cr N i Cu
strongly acidic, the Fermi level, e, must 0
occur at low energy (criterion 2), and the
Density of States, DOS, immediately above s
must be large (criterion 1). ,.

Surface acidity of chromium, nickel, and - 4S.4P 4S.4P
copper and their oxides was investigated by
performing extended Huckel type band calcula-
tions on these materials. Special attention 3D
was given to the position of e, as well as L
the DOS immediately above e. Interactions q) -10
with basic functional groups encountered in C
polymers were investigated explicitly by Li
studying the adsorption chemistry of ammonia,
a model base, on these metal (metal oxide)
surfaces. Substrate-ammonia bonding was ana-
lyzed in terms of the adsorption energy and
the metal-ammonia overlap population. (Over-
lap populations are a measure of the degree Figure 1: DOS of Cr, Ni, and Cu. Shaded
of bond formation between two atoms. Essen- areas indicate filled bands. Fermi
tially, overlap populations are refined bond levels are indicated on the energy
orders.) axes.

As an example of the analyses employed, con-
sider the DOS plots shown in Figure 1,
along with the position of c. For chromium
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THEORETICAL STUDY OF TIlE CHEMISTRY AT carbonyl functional group. This is consistent with fhe fact
PMMA - METAL INTERFACES that Al being a Group III metal prefers to lotu rul L ucar

organometallic complexes. The formation of an "Al -
Arup K. Chakraborty, Mathew Tirrell, H. Ted Davis carbide -oxide" species is predicted by the molecular orbital

Department of Cheriical Engineering and Materials Science calculations. This is consistent with the experimental XPS
University of Minnesota studies of DeKoven and Hagans [51 who have studied the

Minneapolis, MN 55455. interactions of sputter deposited Al with polyacrylic acid,

PAA (a non-aromatic polymer bearing carbonyl groups).
Polymer-metal interfaces are an integral part of several The changes in spectral features observed by these workers

processes and devices that are important to the upon the interaction of Al with PAA can also be rationalized
microelectronics, aerospace, and other industries. The based on our molecular orbital calculations. The
adhesion of macromolecules to metallic surfaces and the multinuclear nature of the interaction has important
metallization of plastics are just two examples of specific implications for the reactions of a polymer molecule with Al
applications wherein an understanding of metal - polymer atoms. Multinuclear interactions necessitate that the carbonyl
interfaces is required. Due to the technological import of group orient itself in specific configurations with respect to
such interfaces, they have been the subject of a fair amount at least two Al atoms. Interesting future experiments
of research in recent years [e.g. 1, 2, 3, 4]. However, a exploring this aspect of the interaction are suggested.
fundamental understanding of tre role of molecular forces in Theoretically, this issue has been briefly explored by
determining the strength of the interfacial bonds formed has examining the interactions of dimers of the model compound
not yet evolved. In this work we examine how polymeric with Al atoms. The multinuclear nature of the interactions
molecules bearing reactive functional groups interact with of Al with carhonyl bearing polymers also serves to
metal atoms and surfaces. The problem has been rationalize the experimentally observed clustering of reacted
approached from a theoretical viewpoint. In particular, metal atoms observed by Weaver et al. [61 and Bartha et al.
quantum mechanical theoretical tools such as molecular 171 for the reactions of Al with polyimides.
orbital theory (IOT) and density functional theory (DFT The interactions of the model compound for PMMA
have been applied towards studying how the electronic with a metal srfac have been studied in this work by
properties of the polymer and the retal affect the strength representing the surface as a jellium. A jelium model
of the interfacial bonds and the morphology of the interface, considers the surface to consist of a uniform background of

The specific polymer that has been chosen for study is positive charge that just neutralizes the electronic charge. A
pol methyl methacrylate (PMMA); however, the results ate linear response analysis within the framessork of DFT th,
easily extended to other non - aromatic polymers bearing osses its origins to the work of Smith et al. [81 is
carboinyl (C O) functional groups. The interactions of presented. The results of these calculations slien compared
IPMMA with two metals, Al and Cr, have been studied, to the molecular orbital calculations clearly show the role of
Tire studies of PMMA-Al interactions are more extensive in the continuum of eigenstates embodied by a metal surface
scope. in determining the strength of the adhesive bond.

A polymer-metal interface may be constructed in two In addition to the results of investigations of At -
different ways. On one hand, the interface may be prepared PMMA interactions outlined above, our preliminary
by spin coating a polymer on to a metal surface that has theoretical results studying the reactions of a transition metal

been suitably protected from contamination. On the other (Cr) with the PMMA model compound are also presented.
hand, the interface could also be prepared by evaporating or Important differences that have been observed compared. to
sputtering the metal on to a polymer surface. It is Al are discussed and related to ongoing XPS investigations
important to note that the evolution of the interface, and the in this laboratory [9].
interactions that occur in the twso cases are different even in
principle. In the case wherein the polymer is spin coated I) N.J. Chou, D.W. Dong. J. Kim, AC. Lin, 3. Dcc-
on to a metal surface, the polymer molecules interact with trochem. Soc j_'L, 2335 (19841.
the delocalized electronic state inherent to a metal surface. 21) F.S. Ohuchi, S.C. Freilich, J. Vac. Sci. Tech.. A4
In contrast, when tire metal atoms are evaporated on to a CL. 1039 (19861.
polymer surface the reactive functional groups of tIe 3) P.N. Sanda, JW. Bartha. J.G. Clabes, JL. Jordan.
polymer molecules initially interact with individual metal C. Feger, B.D. Silberman. P.S. Ho. J. Vac. Sci.
atoms or clusters of atoms. Thus, they interact with the Tech., A4 Oh, 1035 (1986).
localized electronic states (or orbitals) characteristic of the 4) A.R. Rossi, P.N. Sanda, B.D. Silberman, P.S. 11o.
metal atoms. In this work both these related but dissimilar Organometallics, . 580 (19871.
scenarios are examined. The interactions ofmetal atoms and 5) B.M. DeKoven, P.L. Hagans, App. Surf. Sci.. 27.
clusters with model compounds of PMMA have been 199 (1986).

studied via both semi- empirical molecular orbital calculations 6) Lj. Atanasoka. S.G. Anderson, H.M. Meyer 111, Z.
(using the MNDO Hamiltonian) and ab initio molecular Lin, JH. Weaver, J. Vac. Sci. Tech.. A .

orbital calculations using gaussian basis sets, TIhe results of' 3325 (1987).
these calculations have also becit interpreied within the 7) J. Barth , P.O. Hahn, F. LeGoucs. P.S. Ho. J.

framework of perturbation nolecular orbital theory. The Vac. Sci. Tech., . , 1390 1851.
iiteractions of model compounds for PMMA sitl metallic 8) I.R. Smith, S.C. Ying, W. Kohn, Phys. Rev. 18.
surfaces have been studied within he framework of Dl7 _.' 1483 (19751.
% herein the delocalized metallic surface is represented as a 9) B. Thakkan, R. Tannenbaum. M. Tirrell, to be sub-
jellium,

The model compound for PMMA that we have chosen mited. Langmuir 1088).

to study is C511102. This molecule incorporutes carbonyl
and methoxy groups which ate the potentially reactive
functional groups in the PMMA monomer unit. Molecular
orbital calculations for the interactions of Al with this model
compound show that metal atrris interact primarily with tire
carbrnyl group. The methoxy group does not interact with
the metal in any significant manner. This result has been
rationalized based on the molecular orbital manifold, and
frontier molecular orbital theory. Our results also show that
at least two Al aorris are required to interact with the
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Abstract No. 223

SPECTROSCOPIC STUDY OF THE CHEMISTRY AT 0 (Is) core level photoemission spectra of the metal/metal oxide
THE PMMA-METAL INTERFACE film which were already analyzed. The third step in the analysis of

the PMMA-metal interfaces is the use of the C (Is) and O (Is) core
level spectra, obtained from the metal oxide surfaces and bulk

Rina Tannenbaum, Bimal Thakkar and Matthew Tirrell PMMA, as baseline. Therefore, the carbon region spectra of the
PMMA-metal interface should be fitted with at least three peaks (all

Department of Chemical Engineering and Materials Science originating from the polymer), while the oxygen region spectra of
421 Washington Ave. S.E. "the interface should be fitted with at least five peaks (three from the
University of Minnesota. metal surface and two from the polymer). At this point it becomes

Minneapolis, Minnesota 55455 clear why this type of analysis cannot work without such rigid
requirements. A small shift in the peak position, % gaussian or
FW HM in only one of the peaks may cause the superposition of

The adhesive interface between insulating polymers and metals two adjacent peaks, thus resulting in critical loss of information and
is useful in a wide variety of areas such as microelectronic devices, a distortion of the experimental data.
flexible connects and solar cells. A comprehensive understanding of Figure 2(a,b) shows the C (Is) core level photoemission
the relationship between chemical bonding and the adhesion spectra of a 40A PMMA film deposited on a Cr/Cr oxide surface
phenomenon at metal-polymer interfaces is of fundamental interest in (2a) and on a Ni/Ni oxide surface (2b) . The assignment of the
surface science. The details of the physical interactions and solid peaks has been performed after taking into account the correction
state chemical reactions between polymer surface atoms and metal due to surface charging. After fixing the three peaks originating
surface or near surface atoms may be correlated to the macroscopic from the polymer, a new peak had to be added in order to
properties of the system. deconvolute the spectrum to a reasonable degree of satisfaction.

A variety of interesting studies of metal-polymer surface This new peak, in both systems, is positioned at a higher binding
interactions and adhesion have been reported in the past few years. energy than that of a the carbon-oxygen single bond. In addition.
Most of the work is concerned with the surface interactions of the relative decrease in the intensity of the C-O bond compared to
polyimide (PI) with a variety of metals in a high vacuum the C=O bond, effect which is seen in both the chromium and the
environment. In all these cases, the surface atoms of the molecule nickel systems, suggests that the reaction between the metal oxide
encounter highly pure metal atoms, and hence the interactions and the polymer takes place primarily at the H3C-O bond.
depicted in these systems may be attributed uniquely to the In order to understand the breakage of the H C-0 bond it is
metal-polymer interface. important to examine the changes that occur on te metal oxide

Unfortunately, high vacuum techniques can only rarely mimic surfaces upon addition of the polymer. The ratio between the oxide
"real" interfaces, and the fundamental information gained from such and oxyhydroxide species increases upon deposition of PMMA on
systems may not be relevant to metal-polymer interfaces found in the metal oxide surface. This change indicates that the
various devices which operate at ambient conditions. In this paper, oxyhydroxide compound may have reacted with the carbon-oxygen
we concern ourselves with metal-polymer interactions in systems single bond in a manner whi(.b resulted in the breakage of that
where the metal surfaces have been exposed to the environmental bond. Theoretically, since the thickness of the polymer layer (40A)
atmosphere and hence these surfaces are not "clean", but contain a is smaller than its radius of gyration (- 100 A), every H3C-Obond
mixture of the metal, metal oxide and metal hydroxides. As a result, along the polymer chain may come in contact with the metal surface
the polymer surface comes in contact with a variety of metal and undergo this type of reduction of the carbon-oxygen bond.
compounds and the subsequent reactions may be quite different than The intent of the work presented in this paper in not merely to
those found in the high vacuum-generated interfaces, state experimental results which pertain to interactions in a

The polymer chosen for this study was PMMA, because its metal-polymer system, but also to introduce the notion of "real life'"
C=O and C-0 groups would be the primary site of interaction with interfaces and the high degree of complexity associated with such
the metal surface, and moreover, PMMA generates much interest in systems. Moreover, we have attempted to show that it is possible to
electronics due to its photoresist properties. Therefore, study interfaces of this type, if one has the ability to characterize
understanding its chemistry on a metal surface would be important both the bare surfaces and the resulting interfaces by adhering to a
from both fundamental and practical points of view. The metals used very restrictive set of self-imposed rules, whose purpose is to
in this first study were the first row (3d) transition metals Cr and minimize the analytical error margin. The results which we have
Ni. obtained show that a limited reaction takes place between the Cr.Cr

The metal surfaces were obtained by electron beam oxide and the Ni/Ni oxide surfaces and the PMMA at the interface.
evaporation on a substrate, and subsequently analyzed by electron and as a result a complex is formed together with other changes in
diffraction to determine the presence of the various oxide species the metal and polymer films. Additional support for these results
formed on the surface. The PMMA layer was deposited by shall be obtained via UPS and FTIR experiments.
spin-coating over the metal surface and the film thickness was
determined by ellipsometry. Finally, the resulting interfaces were References
examined by means of XPS (X-ray photoelectron spectroscopy).
Based on these measurements, possible reactions at the I. P. S. Ho, P. 0. Hahn, J. W. Bartha G. W. Rubloff, F. K
PMMA-metal interface may be identified. LeGoues and B. D. Silverman, J. Vac. Sci. Technol A 331,

The detailed analysis of the metal films reveals the presence of 739-745 (1985).
three main species on the Cr surface: Cr

0
, Cr2f

1
0 3 and Cri

tt
O(OH). 2. 1. L. Jordan, C. A. Kovac, J. F. Morar and R. A. Pollak,

Similar compounds are formed on the Ni surface as well. Phys. Rev. B, Condensed Matter, 36, 1369-1377 (1987).
Since the systems studied here are very complex, very rigid 3. Lj. Atanasoska, S. G. Anderson, H. M. Meyer III, Zhangda

rules had to be set for the interpretation of the XPS data. As a first Lin and J. H. Weaver, J.Vac. Sci. Technol A5(6), 3325-
step, the XPS spectra of a 230A PMMA film (considered for this 3333 (1987).
study as bulk PMMA) deposited on a Si substrate are shown in 4. B. M. DeKoven and P. L. Hagans, J. Appl. Surfce S-i. 27,
Figure I(ab). The C (Is) core level photoemission spectrum of 199 (1986).

PMMA (Figure la ) was fitted into 3 main peaks and the 0 (Is) 5. J. M. Burkstrand, J. Appl. Phis. 5217), 4795 (1981).
core level photoemission spectra of the same PMMA film
(Figure lb) was fitted into two main peaks. Special attention should
be focused on some of the peak parameters, i.e. the binding energy,
the % gaussian and the full width at half of the peak's maximum
(FWHM). Since the spectra of the bulk PMMA will be used as a
reference in the consequent analysis of the PMMA-metal interfaces,
it is critical to fix the position of the peaks, the % gaussian and the
FWHM within very narrow limits. The second step in the
proceedure is applying the restrictions described above also for the
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Abstract N-. 224 At reduced pressures a uniform glow discharge is created
Plasma Surface Treatment of Plastics: as excited species in the ionized gas cloud combine andAn Overview return to ground state. The spectrum (color) of the glow

discharge is characteristic of the gas chemistry. Environ-

Peter W. Rose mentally, a plasma is uniquely active. !onized gases form a
Plasma Science, Inc multitude of species which are chemically active and272 Harbor Bsm d, kinetically energetic enough to break bonds on the surface

Belmont, CA 94002 of plastics. The low pressure assures that the bulk temper-
atures of the -"-sma remains at or near room temperature,
thus thermally aelicate materials can be saf.ly treated.

Cold plasmas contain positive and negative ions, electrons,
free radicals, metastables and high energy UV radiation.

Adhesion of coatings on plastics is a re-occurring and Any organic material exposed to this environment will have
difficult problem to solve satisfactory. Materials originally a significant density of free radicals formed on their surface.
selected for chemical resistance or low cost are being used These sites are then available for reaction with the gas
in applications where metallization, decorative coating, resulting in a chemical modification of the surface. The
structural adhesive bonding, encapsulation, environmental types of groups added to the surface are well controlled by
potting, or permanent marking is essential. Historically, the gas chemistry selected and by the processing cond-
incompatibilities have been overcome by the use of chemi- itions. From example, an oxygen plasma will put hydroxyls,
cal etchants, solvents, mechanical abrasion, and in some carbonyls, esters, ethers etc. on the surface, producing a
cases with corona treatment. All of these approaches have very hydrophilic surface much greater than 73 dynes/cm
inherent disadvantages in the costo of storing, handling, with extremely low contact angles. Conversely, tetrafluoro-
and disposal. Traditional treatment techniques are often methane (Freon 14) plasmas will provide highly fluorinated
lacking in the level and reproducibility of the results, surfaces with surface energies less than 26 dynes/cm and

contact 5-igles in excess of 1100. Other gas chemistries
A proven, yet relatively unknown technology is quickly be- commonly used include ammonia, nitrous oxide, air,
coming recognized as a efficient, economic, versatile, and nitrogen, argon, helium, and other non-reactive gases.
effective solution to adhesion problems- cold gas plasma
surface treatment which capitalizes on the unique and In addition to surface modification, plasma have other con-
reactive properties of ionized gases at low pressures. current and competing effects on the surface OR materials.
Plasma is ?ffective over a wide range of materials, from Plasmas are extremely efficient at cleaning organics such
olefins, t. elastomers; engineering thermoplastics to fluoro- as environmental contaminants, mold releases and other
carbons. Typically, the adhesion is increased many fold, additives from the surface. Thus plasma is also often used
often resulting in cohesive bond failures, for the super cleaning of inorganic substrates such as

metals, ceramics and glasses. More aggressive cleanirg
In metallization processes, plasma is used first for removing ablates or etches the top molecular layers of organic sub-
contamination and mold releases; then to roughen the strates. Useful for example if a weak boundary layer exists
surfPce on a microscopic scale, providing a favorable or if micro-roughening is desirable.
topography for mechanical adhesion; and finally for altering
the surface chemistry thus promoting wetting and Plasma induced grafting is where free radicals are generat-
enhancing chemical interaction between substrate and ed on the substrate with a noble gas (argon, helium, etc.. .I
coating. The excellent adhesion characteristics that plasma plasma which cannot react. If the power is tumed off and tlhe
affords sometimes allows the elimination of primers and tie- system is back flushed with an unsaturated monomer gas, a
layer coating steps. Plasma is beneficial for evaporative, graft polymerization chain reaction can be initiated. Proper
sputtered, arc-sprayed and electrodeless der.sited selection of the monomer can lead to very interesting chem-
coatings. istries on the surface. One example is the use of acrylic acid

to graft arrylic side chains.
A common analogy considers plasma to be a fourth state of
matter. As in the transition of matter from solid to liquid, and Rf power when organic gases are present, produces the
liquid to gas, additional energy Into the gas will ionize it, potential for plasma polymerization. The gas is split into
creating a plasma. In commerial plasma systems energy is polymerizable groups by the plasma and then react in the
supplied by rf (radio frequency) power. As in any phase gas phase or combine on surfaces to form unique, highly
transformation, a pressure/temperature relationship exists crossiinked. pinhole free, polyhydrocarbon materials. Meth-
for the formation of a plasma. At high pressures a great deal ane will form a coating on objects placed within the plasma.
of energy is required to strike a plasma and so the thermal
characteristics are very hot. High pressure plasmas are Cold plasma surface treatment technology offers significant
used for fission exnerimentation for this reev-on. At atmo- technological and economic advantages over other treat-
spheric pressures the plasma contains properties of hot ment techniques. The capability of modifying senb.,,, e,
plasmas and of cold plasmas, which occur at vacuum pres- chemically resistant materials in a safe and reproducible
sures. Examples of atmospheric "mixed plasmas" are manner, makes plasma an ideal technology for solving
lightning, corona, and plasma-arc spray coating processes- today's manufacturing problems, while allowing the product
processeq characterized by an arc discharge where regions designer an opportunity to develop unique and better
of high ionization act at low resistance current paths. quality products fnr the future.

'1 <n u.I i mnrm e Hi m n ml m



Abbstratt N..2

Pretreatmcent of Polymers with Low Pressure Plasma For several ths.moplastics, the influence of the
holding time was also determined; this is under-

G, Liebel stood tO be the period of time between plasma
fechnics Plasma GmbH treatment and cement application. For PE and PP
Nieseistrabe 22 the result was such that no adverse effect has
1)801i Kirchheim occurred even after several hundred hours.

Gerems
4. Case histories

1. Principal of the plasma process Many industries would like to make wider use of
One of the salient features of the plasma process plastics, if the inadequate adhesion properties

is the use of gases instead of liquid chemicals were not prohibitive. Here the plasma process
as the reaction partners, making it a dry process. opens up new perspective. The few case histories
Under a pressure of about 0.5 to 2,0 mbar a gas presented below demonstrate how the advantages of
or a mixture or gases is introduced into a vacuum tie plasma process have so far been industrially

chamber serving as process chamber. By application utilized.

of a high-frequency alternating voltage a gas Automotive industry: Parts from PP and PE
discharge (plasma) is ignited whereby the gas in such as bumpers [e.g.9], instrument panels,

the chamber is brought to an ionized state, reflectors and fascias, are treated in the

he chemical radicals resulting duing this plasma prior to painting or metallizing. This
is:ch-r react with the surface, depending on allows the use of less enpensive plastics.

the type of gas, and form volatile compounds Electrical industry: By the plasma treatment
wh -h oore sucked off hy the macsum pump. The of PP cups for capacitors the adhesion in the

plasma contains electrfcal uncharged particles ensuing putting operation using epoxy resin
.melecixles)l charged particles(ions and electrons) is considerably increased. Very good results

,rid ultra-violet radiation is aeveloped. The are also obtained in the treatment of silicone
reactio is essentially due to the radicals and rubber parts :e,g. for plugs) prior to sceen
the ultri-violet radiations, printing or cementing.
This so-callcd low-pressure plasma is character- Manufacture of printed circuit boards: Here

ized b reactions taking plasma at temperatures olasma treatment yields improved adhesion of
between about 60 and l0

0
C; unde- atmospheric copper layers on Teflon.

pre.s:re such reactions are only possible at Chemical, pharmaceutical, biological, med
tenperatures of several hundred OC. This fact equipment In these application areas, a-s. -
permits the treatment of organic materials like rage is taken of an increased wettabilits of
plastics which must not be exposed to high thermal treated plastics surfaces, e.g. with mooldincs
lods. from PE, such as bottles, pipes and containers.
tihe process gases most widely used in the treat- Other applications are known from the sector
bent of plastics comprise oxygen, air, inert of film fabrication and the tectile industry.
gases. nitrogen and tetraffluoromethane(Cf" : is
well -s hydrogen in isolated caves. Typical 5. Integration in prodaction lines
process parameters are given in Table I. Plasma processes are suited to replace wet chem-

ical methods as well as other c-nditio4ng

. hIasma ..stes processes in production. For intecration into a
The sstems offered on the market are supplied in production line care should be taken that tho

sarinis frequency rang es (kH, MlHz. Gl), the system selected involves an intermittent vco
etriciency of the reaction Increasing with rising process. Typically cycle timos of between and
ireiquecy. 15 min can be indicated. Protens ch ber with

tsrrent barrel sostens are avallable both as capacities of senora cubic -etres are mw co er-
liboratory vcale designs with chamber capacities cially avalilable.
from 10 to 20 litres and as commercial scale

esins (from several hundred litres ap to sevea Cot of plasma treatment
cubic metres). the process times are in the range The cost of a plasma treatment facilirt is olten
of several minutes with variations between the compenvated bs the fact that equipment tor wet

individual materials. chemical treatment ard ensuing rinsin, processes
can be dispensed with. Space and personnel re-

3. Improved adhesion in cementing, printing and quirements arc low. Tie rating costs can be
metallizing indicated is ver low. hecause of minimm cbenlo.:
'hrreas on the inoroasit materials tho plasma in requirement e.r. i.!/min oxvgeni. Another ad-

in mist cases used f,,r cleaning purposes, a antage becomes obvious in this respect, h ih ii
chanre of the surface with the effect of i drastic the east disposal of the chemicals. When ui

increase in wettahi I Itv can he produced on many oxygen or inert gasz, the eshst 0.10 of the
plastics. A. the Institute for Welding and Join- pmp can he fed directly to a suitable exh.iet
iniechnology (if the berlin technical imnversity nentilation system.
;tqidlcs were condcted on , number of thermo- In addition. i pl-ia ststem ensure, i vc li,h

plat-is with the ilm ;it representing the effect safety level in the workin area as the -c[-
,

(it Pilsma treatment in impreing adhesion. [he is hernetitallc sealed drine the iraceon

r.suI ts ir, given in Pig. I to 1. hr adhesion As envirimental regulation, tic h c -clsns rc
lc.svv u uhtailned essentially are a, function of the stringent. the pl.si tecinolog o lii n mocreisioc

lvpe if civ used and the time I treitment. Oi importance.
th v.riis eases tried, oxgen has provd to be
ti "v-st :utahe oe li f-r most plistlc . It was

iooid tbit Ireitmen tlmes evt ,if Ioes than I min
y,;tldcih im-,ir. emetiit; ,oI .iuliii1,uO aiiich iIl i-
-r1~s,., Oi,,li ii ve m en iver iroloiugd erids if
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Abstract No. 226

Characterization of Surface Modifications
During Metallization of Polyetherimide organometallic compound and those treated with col-

loidal Sn/Pd ore compared in Figure 4.

Michael C. Burrell, Bradley R. Xares,

Donald F. Fount, William V. Dumas. These methods have been used to moscara changes

Edward 3. Lamby, and John J. Chars in the catalyst composition during sequentisl sensiti-

nation and acceleration steps for surfaces treated
GE Corporate Research and Development with a commercial Sn/Pd colloidal catalyst (2). After

Schenectady, New York 12301 the sensitization step. the suface contains a large

excess of Sn hydroxides, although 3-tallic Pd is

observable. After the acceleration step most of the Sn
The chemical and compositional modifications of a is removed, and metallic Pd and Sn are present in

polyetherimide surface during metallization processes about a 7-to-1 ratio. These results are compared to
have been monitored using x-ray photoelectron spec- previously reported IPS results (3) for the same
troscopy (XPS). Figure 1 shows a simplified outline of catalyst on other surfaces.
a typical pVicess scheme for the production of metal-

lized Ultem (polyetherimide) circuit boards. Charac- Production problems related to the metallization

terjzation of the Ultem surface at several stages of catalyst have also been identified. Incomplete slec-

the metallization sequence (those marked with aster- troless plating of Ultem circuit boards was attributed

isks in Figure 1) has aided in the identification of to an unacceptably low amount of catalyst present on

several process problems, and has provided some funds- the surface. Quantification of surface Pd as a func-

mental understanding of the chemistry of the polymer tion of catalyst solution concentration and tempera-
surface and adsorbed metallization catalysts. Sure and as a f unction of surface conditioning aided

in the selection of an appropriate commercial surface

The detection of surface contamination is the conditioner. In another example, electrical leakage
simplest application of XPS to these systems. For between metal runs on a patterned circuit board was
ezample, residual silicone mold release agents on the due to the presence of metallization catalyst which
initial surface was found for a series of parts exhi- remained on the plastic surface after the copper had
biting poor metal/plastic adhesion. Surface concen- been selectively etched away. Commonly used copper

trations of 2-4 atomic S Si are sufficient to cause etches were not effective at removing the residual Pd.
de-bondiug. The effectiveness of various surface Small spot BPS analysis between the metallized runs
cleaning agents for removing the contaminants was was used to verify that the additional processing

determined, steps developed removed the residual Pd and left the

polymer surface composition and the other metalliza-
Chemical modification of the polymer structure tion unaltered.

has also been addressed. The primary reaction relevant

to Ultem involves hydrolysis of the imide functional-
ity, according to the reaction sequence illustrated in References
Figure 2. Since the surface may be exposed to aqueous

and/or alkaline environments during different process
steps, the ability of BPS to detect the occurrence of 1. For example, see R. L. Cohen and R. L. Meek J.
this reaction was investigated. Model reactions of Colloid Interface Sci-, 55, 116 (1976); N. Feld-
the surface with alcoholic KOH was used to produce a stein, M. Schlesinger, N. E. Hedgecock. and S.
hydrolyzed surface layer. For hydrolyzed surfaces L. Chow, 3. Electrochem. Soc. 121. 738 (1974);
rinsed only with alcohol, the BPS spectra showed that C. R. Shipley Jr. U. S. Pat. 3.011,920; or

lmide groups had been converted into the potassium reference 3 below.
salt of the carbonylic acid plus an amide link. Sub-
sequent rinsing with water or dilute acid converts the 2. M. C. Burrell, G. A. Smith, and J. J. Chera.

potassim carboxylate into the carboxylic acid. The Surface and Interface Analysis, 11, 160 (1988).
characteristic changes in the C Is, 0 la, and N is

photoemission lines which accompany these modifics- 3. T. Osaka. H. Takematsu. and K. Nihei. J. Elec-

tions will be discussed. trochem. Soc., 127, 1021 (1980).

As shows in Figure 1, the conditioned Ultem sur-

face is isitially metallized in an electroless pro-
cess. Determination of the amount and chemical nature
of adsorbed metallization catalysts has been con-

ducted. The systems discussed here are based on palls-

dim compounds or Sn/Pd colloids (1). The chemical
shift is the Pd 3d photoemission lines is used to dis-

tinguish ionic forms (Pd (+2)) from the active Pd(0),
as illustrated in Figure 3. The XPS line intensities

can be used for semi-quantitative comparisons of the
total catalyst coverage, but due to the limited sam-
pling depth of BPS (ce. 50 angstroms), some of the
catalyst may not be ustected. Therefore, quantifica-
tion of the absolute catalyst coverage is accomplished
by Rutherford backacattering spectrometry (RBS). This

provides a calibration between XPS atomic S 
2
and the

absolute coverage determined by RS (atoms/cm ). The
calibration constant, however, is specific for a given

catalyst system, due to differences in the catalyst
distribution in the surface layer produced by dif-
ferent catalyst treatments. For example, the combined

XPS and IMS results for Ultem surfaces treated with an

Atijte-is a--re-gistaered trademark of the GE Company
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Focused Ion Bean SIMS for Micromachining Applications

L. R. Harriott

M. J. Vasile

AT&T Bell Laboratories

Murray Hill, New Jersey 07974

Liquid metal ion sources which provide very highly
focused (5,000 to 500, dia.) high current density
(1.0 to 0.5 A/cm

2
) ion beams have offered the pros-

pect of extending the technique of secondary ion mass
spectrometry well into the sub-micron lateral resolu-
tion range. This tantalizing prospect has been cited
numerous times, but only a few successful instruments
have been reported. Levi-Setti and coworkers have
published a detailed and thorough review of their
recent work which describes their focused ion beam
(liquid metal) SIMS, in which the emphasis is on the
general utility of high resolution scanning ion
microscropy.

1  
Kingham, et al have shown some ex-

ample, of ion images obtained with a liquid metal ion
source SIMS, but give only a cursory account of the
instrument and operating techniques.

2

Our intention is to use SIMS as an adjunct, in-situ
diagnostic tool for micromachining applications which
utilize a liquid Ga ion source. The primary applica-
tions are for end-point detection when sputtering
through thin films with micron sized rastered areas,
and for element mapping by mass selected ion images
taken on raster fields from one millimeter to lOam.

The approach we have taken is quite pragmatic: The
detection of secondary ions must be done without
compromising any of the functions or operating param-
eters of the focused ion beam processes. Signals
must be adequate to record mass spectra or mass-
selected ion images within a matter of one or two
minutes. Ion extraction to the SIMS for mass spec-
tral analysis must not interfere with the normal
total secondary ion imaging, and a minimum number of
variables (one or two) for SIMS signal optimization
is essential for convenient operation.

End-point deterton of Cr micromachining on photomasks
was done with . ster sizes ranging from lOom x 10m
to 3 m x 3cm. The chromium oxide enhanced 

5 2
Cr

+

signal at the Cr/glass interface was used as the end-
point indicator. Verification of this effect was
obtained by XPS profiling through the Cr film. SIMS
end-points, total ion images, and transmitted light
measurements show that the ion-milling can be con-
trolled to stop prior to, or after, the Cr/glass
interface. Measurements on a common sample show that
the absolute sensitivity of the FIB/SIMS is equiva-
lent to that of a commercially-made SIMS which uses 3

KeV 01 primary ions (3 X 10 cps 2 Cr+/nA primary ion,
100cm raster). Mass selected secondary ion images
have been obtained for high yield ions such as S2Cr

+

and 21Al
+ 

on raster fields of 25um in time intervals
ranging from 20 to 100 sec. Al' SIMS images of 1cm
lines and spaces from a VLSI test pattern have been
obtained.

References

1. R. Levi-Setti, Y. L. Wang and G. Crow, Appl.
Surf. Sci., 26 (l986) 249.

2. D. R. Kingham, P. Vohralik, D. Fathers, A. R.
Waugh and A. R. Bayley, "Applied Materials Character-
ization", Mater. Res. Soc. Synp. Proc., Vol. 48
1985), W. Katz and P. Williams Eds., p. 319.
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RADIATION ENHANCED ADHESION OF METAL
FILMS ON POLYMERS

J. E. E. Baglin

IBM Research Division

Almaden Research Center
650 Harry Road

San Jose, CA 95120

It has been shown that ion beam techniques can be used
to create strong interfacial adhesion between polymer
substrates and vapor deposited metal films. One example
is that wi co1.per on Teflon, where Chang et al r'] have
obtained stable bonding with peel strength 90 gmmm by
means of pre-sputtering the Teflon surface with 500 eV
argon ions in situ prior to deposition of copper. followed
by thermal annealing. In that situation, it was found by
XPS that the deposited copper was chemically bonded: in
addition, the polymer surface was roughened, creating a
mechanically tougher interface region. It is expected that
both the substrate roughening and the production of sur-
face (tangling bonds are responsible for the adhesion of
deposited metal, the interface atom configurations no doubt
being stabilized by the heat treatment.

A similar large improvement in Cu-Tenon bonding was
produced by irradiation of a pre-formed Cu-Teflon ystem
with a penetrating (250 keVI beam of neon ions. Presum-
aby the formation of new interface structures v.vs, in this
case, the result of ii !i mixing displacements of interface
atoms, possibly dispeising interface contaminants at the
same time.

The application of such techniques to other systems of
technological importance invites further exploration. In this
paper, we shall examine systems that have been studied.
with particular emphasis on the possibilities of interface
structure tailoring offered by the process of pre-sputtering
of the polymer substratc.

I. C-A. Chang, I.E.E. Baglin. A.G. Schrott and K. C. Lin.
Appl. Phys. Let(. 51 , 103 11997).
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EFFECT OF THE PLASMA TREATMENT RESULT AND DISCUSSION

OR THE ION-PLATING

ON THE ADHESIVIrY OF THE METALLIZED PLASTICS The adhesivity of deposited metal thin film

on polyimide was improved upon the increasing in

Katsuhiko Nakamae, Satoshi Tanigawa the time and R.F. power of plasma treatment on

and Tsunetaka Matsumoto the polyimide surface. The functional groups on

Department of Industrial Chemistry, Faculty of polyimide surface were analyzed quantitatively by

Engineering, Kobe University ESCA spectra, so as to evaluate the chemical na-

Rokkodai, Nada, Kobe 657 Japan ture of surface by treatment of 0 plasma. Figure

shows the relationship between the C/O ratio of

atomic concentration calculated by ESCA spectra

INTRODUCTION and the peel strength at metal/polyimide interface.

Consequently, it was proved that the adhesion

Plastic metalizing is widely used, e.g. for strength of the deposited m-tel thin films on

the flexible print circuit, the transparent conduc- polyimide was greatly dependent upon the amount

tive film and the high density recording medium of the functional groups on polyimide surface.

etc.. The various properties for such materials are Furthermore the accerating voltage and the R.F.

required. In particular, the adhesion of the metal power at ion-plating significantly affected the

thin films on polymers is an one of the most im- adhesion strength similarly to the case of the sur-

portant factor in the field of allII]. However such face pretreatment.

adhesion strength of the materials prepared by

the vacuum deposition is not enough. It was REFERENCES

proved for us that the pretreatment of the sur-

face of polymer films or the using by the metal I. K.L.Mittal, J. Vac. Sci. Technol., 13, 19 (1979).

vapor with high energy, for example ion-plating or 2. K.Sumiya, T.Taii, K.Nakamae, T.Matsumoto, J.

sputtering, were improved with the adhesion Adhesion Soc. Japan, 18, 345 (1982); K.Nakamae,

strength of the deposited thin films on K.Yamaguchi, K.Sumiya, T.Matsumoto, ibid, 22,

polymers[2]. 347 (19861.

In this study, polyimide films have a ther-

mal high resistance and an essential mechanical

properties were pre-treated by Oz plasma in order 1OO0

to improve the adhesion strength of the deposited

metal thin films on polyimide. 800

"600

EXPERIMENTAL 
" 00 -

~400 o
Polyimide film is poly[N-(oxy- l,4phienyh,ne)-

N'-)l,4phenyleneipyromellitimideI (lKapton) produced - 0

by Du pont Co.LTD., its thickness is 
7

0p m.

Vacuum deposition is possible to carry out in-situ
0 . I

followed 02 plasma treatment. Plasma treatment was 0 0.02 0.04 0.06 0.08 0.10

applied R.F. electric field of 13.56NMtz, and vacuum F / C

deposition was carried out by the electric gun. Fig. Relationship between the peel strenglh

The adhesion strength was measured by the 90" and the ratios of atomic concentration

peeling test. The characteristics of polyimidp sur- after derivalization.

face was evaluated by the contact angle and the

ESCA spectra etc..
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THIN FILM ADHESION - A REVIEW OF THE MECHANI ICAL The applicability of the scratch test to metallized
METHODS FOR ADHESION ASSESSMENT plastics is not very well established although some

* aothlors(1
2
'

3
) have deomonstrated that it is a va-

P.A. Steinmann and H.E. Hintermano iuahle tool for quantitatively comparing thle adhesion
of metal films on polymeric substrates.

Swiss Center for Electronics and Microtechnology,lnc. Lately, using a tensile test, Van de Leest(14) hts
shown that acoustic emission is generated in the

P.O. Box 41, CH-2O07 Neuchatel, Switzerland interface of metallized plastics prior to dbndinc,
and has used this techniquc to compare qual itat ivel

the adhesion strengths of thin metal films on poly-
As already has been stated by Mittal

(l)
, no engine- mers. This is of particular interest since the

ering test is able to measure the basic adhesion, commercially available scratch-testers are equipped
i.e. the interfacial hond strength. However, a rather with am acoutic emission sensor.
large number of tests have been proposed to charac-
terize the practical adhesion of thin films.
The objective of this paper is to discuss the mecha- present address: Lewis Research Center, , .at:il
nical methods enabling to give quantitative data for Aeronautics and Space Administration, C:.-e Jaid,
adhesion(1-4) with a special emphasis on the scratch Ohio 44135, U.S.A.
testing technique(

5
).

There are essentially two types of tests which are (I) K.L. Mittal, in K.L. Mittal (ed.), Adhesion
distinguished by the kind of stresses generated in Measurement of Thin Films, Thi(k Films and Sulk
the interfacial region, namely, tensile and shear Coatings, ASTM Spec. Tech. Publ. 60. 197 ,
tests. Direct tensile, electromagnetic tensile, p.134 (ASTM, Philadelphia, PA).
acceleration and shock wave tests belong to the ten- (2) A.J. Perry, P. Laeng and H.E. Hintermann, Proc.
sile test group, whereas adhesive tape, direct shear, 8th Int. Conf. on Chemical Vapor Deposition,
peel and scratch tests belong to the shear test Electrochem. Soc., Pennington, NJ, 1981, p.,75.
group. (3) P. Lang, P.A. Steinmann and H.E. tinturmnn,
The choice of the test for measuring practical ad- Ohrflaech- Sort ce, 21(4t,(1.')10.
hesion should be based upon the type of stresses the (4) I. Valli, l.Va5.s.To, l a4(6),(19)1) 7.
test specimen is going to encounter in practicel)l. (5) P.A. Steinmann, Y. Tards and HE. Sicterecn,
Nevertheless, it has been shown(3) rhat most of these Fhin Solid Fi Ims, 154 1987313.
methods are limited either to poor adherent films, (6) 0.S. eavns I.Pht.Rad nu .d I {(I SO) 55.

namely the adhesion is lower than the bulk resistance (7) C. Weaver and R.M. Hill, Ph il - Mag .3 i) S _42.
of the bonding agent (gluc or solder in the pull-elf (g) V1. Benjtmin and C. Weaver, Pro. R o. So, . 5A,
test for instance), or to thick coatings, since the (9IOM1, .
maximum tensile stress generated in the interfacial (9) P. Laeng tod P.A. Steinmann, Pro- 8th tCool.
region is proportional to the mass of the coaLting. on Chemical V Depoitin, tectrohci. no.

Furthermore, methods requiring large accelerations Pennington, 'I, 1981, p.723.
or shock waves are generally difficult to perform (10) P.A. Steintann, . t cno and S.E. Sintermann,

and are costly. Mater. T t)).,1 ) 5
Among all these tests, the only practical one capable (11) P.3. Burnett and .S. Rickrbv, Thin Solid Filer.
to assess the adhesion of thin and well-adherent to be published.
films is the scratch test. (12) C. Weaver, Farady Special Disv.,no2.('972flS.
In this particular test, proposed by Heavens(6) and (13) L.F. Gotdstein nd I.,I. Hertone, .Vsc Sc
then extensively used by Weaver and .eworkers

(73 8)
, Technol., 12,(1975)1423.

a stepwise(9) or continuously loaded(
1
O) spherical (14) R.E. Van de Le..t,Thin Solid Pitmst2-,(1aSS33.

scratching point is drawn across the coated sample.
The scratching point produces an increasing clasto-
plastic deformation of the film-substrate system

until a damage occurs in the surface region which can
be adhesive or cohesive in nature. The minimum load
at which an adhesive failure occurs is called the
critical load (L) and is representative of the coa-
ting adhesion,
Besides adhesion the critical load depends on several
parameters whose eah individual dependence has to
be known in order to determine the adhesion.

In a recent study(
5

), the instrument related intrin-

sic parameters as well is the tested sample related
extrinsic parameters have een considered in order to
improve tLte interpretation of the critical load as it
relates to adhesion. This experimental work has been
very recently supported by a new model developed by
Burnett and Rickerby( Il ,wh ich describes the behav ior

of hard coatings. This model is based on an energy
bhlane approach where the energy required to create
two new s-rfaces by debending (l.) is equal to the

stored elastic energy in the film. This later energy
is described as the sum of three energy contributions,
namely, indentation, internal stress and friction.
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Abstract No. 231Ahesio and Dfraoing point of crack formation and delamination. In a trilayer
Adhesion and Deformation Behavior of Thin Metal Films structure, cracks typically start in the brittle interface layer

on Polyimide and propagate through the whole coating due to stress con-

centration. The influence of the interfacial layer thickness
F. Faupel, Y. H. Jeng, S. T. Chen and P. S. Ho is discussed.

IBM Research Division, T. 3. Watson Research Center
P. O. Box 218

Yorktown Heights, NY 10598

Metalized polyimide structures are widely used in microe-
lectronic packaging and on the chip level because of the
unique properties of polyimide such as low dielectric con-
stant, high thermal stability, low processing temperature,
and planarized capability. Adhesion is one of the major
concerns since residual stresses generated due to thermal
expansion mismatch during fabrication can introduce large
deformations, which can lead to delamination failure at the
metal/polyimide interface.

Several experimental methods have been developed to
measure the adhesion energy of these films on ductile
substrates which is defined as the minimum energy per unit
area required to separate two surfaces. The standard tests
such as the peel and blister tests, are designed for measuring
adhesion strength, but yield results strongly dependent on
the deformation behavior of the film and the substrate. To
predict the actual performance of a film/substrate struc-
ture, it is important to know not only the adhesion energy,
but also the fracture mode and the deformation character-
istics of the film/substrate structure. A stretch-
deformation method has been developed by us to investigate
such deformation behaviors in addition to measure the ad-
hesion energy of metal/polymer structures. This method is
based on measuring the stress vs. strain dependence in com-
bination with in-situ optical microscopy as well as SEM and
TEM observations.

In this paper, results from the stretch-deformation method
will be reported on metal/polyimide bilayer and trilayer
structures containing Cu and Cu/Cr. Upon straining, we
exhibit an extended plastic range beyond the yield point,
where twinning and slip were observed. At a critical
elongation which depends on the film thickness, crack for-
mation starts. Defects in the polyimide, such as small bub-
bles originating from the curing process seem to play an

important role in the initiation of the cracks in the metal.
Due to the much higher modulus of the coating, substantial
stress concentration occurs at the cracks. As a consequence,
delamination always starts at cracks and, depending on the
thickness ratio of metal and polyimide, preferential strain-
ing of the latter can he observed.

In these tests, after the complete delamination of the metal
films, the difference in the load vs. elongation curves of the
multilayer and the pure polyimide can be used to determine
directly the adhesion energy. The basis of this analysis will
be discussed. Finite element analysis taking into account
plastic deformation reveals the stress distribution in the
sample. Especially a strong increase in the shear stress at
cracks is found elucidating the experimental findings. An
interfacial layer of a well adhering brittle material like Cr
substantially influences the build-up of stress and the start-
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Proposed Methods for Identification and
Normalization of Strain-Dynamic Effects in
Adherence Testing of Metallized Plastics

Richard P. Riegert
Quad Group

133 Palm Avenue

Santa Barbara CA 93101

Adhesion testing of metallized non-plastic
surfaces has evolved to yield at least
relative or near-quantitative data for
virtually any coating or substrate using
simple test methods.

In the case of metallized plastics, espec-
ially those of thermo-plastic character and
for thin sheet plastics, there are factors
which lead to a sense of uncertainty, even
when measured values are within narrow
limits of each other.

As an example, various measurement methods
show extreme sensitivity to rate of load
application, high susceptibility to residual
coating stress and even minute variations in
direction of load application. The intrin-
sic characteristics of certain specific
plastics such as short-term creep, effects
of surface anomalies and anisotropic strain
require special attention.

Yielding of any segment of the test bond
interface results in asymmetrical load
distribution manifesting unit load intensi-
fication wherever yielding is minimal.
Models are proposed for flow induced strain-
dynamics and consequential stress redistri-
bution effects in adherence testing by z-
axis tensile, shear, tipple-tear, lap-shear,
sheet substrate stretch and two forms of
ninety degree peel tests.

Fir lly, a qtrat, fcr cross-correlation
between two or more tests may offer promise
of enhanced reliability of adherence testing
in at least some of the myriad forms of
metallized plastics.
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SurfaceL, Thterface and Adhesion
Proportie. of 1,.etalli~zad Plastics
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were etched, refilled and etched back as previouslyPlanarized Deep-Trench Process for described, now using the nitride film as an etch stop during
Bipolar Device Isolation the polysilicon etchback process. An oxidation for the

.-C.S. Yu, C. Hacheri. E. Patton, trench polysilicon was then performed immediately following

E. Lane, S. Dottarar and T. Yamaguchi the etchback process. This oxidation smoothed the seam
along the center of the trench, and raised the trench surface

Tektronix, Inc., MS 59-234. to be even with or above the wafer surface. After this oxida-
Beaverton, Oregon 97077 tion, device islands were defined and a field oxide was ther-

mally grown as previously described. Since the trench sur-

A planarized device isolation process has been face was even with or above the wafer surface, the device
developed by using a deep-tre;,ch isolation technology com- island patterning left no vertical sidewalls. The field oxide
bined with a local oxidation of silicon (LOCOS) process for grown on top of the trench, therefore, was smooth. The field
self-aligned double-polysilicon bipolar integrated circuits. To oxide depression and the resultant collector-emitter shorts
obtain a desirable trench etch profile and a uniform polysili- were completely eliminated.
con etchback process, the reactive ion etch processes have Optimization of the reactive ion etching parameters was
been optimized in terms of gas ratio, pressure, and power necessary to achieve this structure. Fig. 2 showed the
density. As a result of a deep-trench isolation, the collector- deep-trench profile. The silicon deep-trench was etched in a
substrate capacitance was minimized at 9.0 fF, while main- parallel plate batch reactor, using SiCl4, C 2 and He in a 1 : 1
taining a trar.sistor-to-transistor isolation voltage of 25 volts. : 2 ratio. Process pressure was 0.1 Torr and power density
A cut-off frequency of 15.5 GHz and a 4-bit A/D converter was 0.6 W/cm2. Electrodes were covered with a polymeric
with a sampling rate of 1.5 GS/s were demonstrated. material to prevent metal sputtering and contamination dur-

An isolation structure, as shown in Fig. 1(a), combining ing the etch, and also to provide sidewall passivation and
silicon deep-trench technology and LOCOS was used for prevent undercutting when etching through an n+ buried
device isolation in an advanced double-polysilicon bipolar layer. Silicon etch rate was 200 nm/min with a selectivity of
process. Trenches were etched into a p-type silicon sub- 7 : 1 to the LPCVD oxide. The polysilicon etchback process
strate through an n-type epitaxial and an n+ buried layer was optimized for uniformity and smoothness of the etched
using an oxide film as an etch mask. Following this deep- polysilicon film. Two different chemistries were investigated.
trench etch, boron ions were implanted into the trenches Chlorine chemistry consistently resulted in severe texturing
using the same oxide film as a mask. A p-type layer was of the trench polysilicon and the LOCOS nitride layer. This
formed at the bottom of the deep-trench by this implant. The texturing could be reduced by increasing pressure and by
masking oxide was then stripped, and the trench surface was reducing power, but was never eliminated entirely. However,
thermally oxidized. The trenches were refilled by a polysili- a combination of CF3Br and SF6 was found to produce an
con film. The polysilicon film was etched back using an RIE extremely smooth surface. The optimized process, i.e.
process. A surface oxide film was left after this polysilicon CF3Br and SF, in a 2 : 1 ratio, 65 mTorr and a power density
etchback process. This oxide film was stripped and a stress of 6.0 W/cm, resulted in a very uniform etch and an
relief oxide film was grown. Device islands were then extremely smooth surface, as shown in Fig. 3, so that almost
defined in a silicon nitride film deposited on top of the oxide no overetch was needed.
film. A thick thermal oxide was then grown on top of the This planarized process has been applied to fabrcation
trenches as wellas on the rest of the field areas, of self-aligned-double polysilicon bipolar transistors.

In this process, any overetch during the polysilicon etch- Transistor-to-transistor isolation voltages were characterized
back removed the polysilicon film inside the refilled trenches, at various implant doses. At a dose of 1.4 x 1013 cm

-2, the
This exposed the vertical walls along the upper edges of the isolation voltages of 25 volts and 30 volts were achieved
trenches after the surface oxide was stripped. During the using one trench and two trenches, respectively. These
subsequent device island patterning, an anisotropic nitride trenches are 4 microns deep and 1.5 microns wide. The
etch left residual nitride along these walls. This nitride resi- collector-substrate capacitance was minimized at 9.0 fF for a
due prevented lateral oxidation of the trench sidewall and bipolar transistor with an area of 7 x 11 Lm2 while maintain-
resulted in a narrow depression in the field oxide on top of ing the transistor-to-transistor isolation voltage of 25 volts. A
the trenches. This depression was filled with a conducting transistor cut-off frequency of 15.5 GHz and a 4-bit A/D con-
,inlv-ilicon film during the subsequent steps of the self- verter with a sampling rate of 1.5 GS/s have been demon-
aligned double-polysilicon bipolar process. This conducting strated.
polysilicon film was continuous along the trench, and there-
fore shorted the emitter and collector of bipolar transistors
which had emitter and collector electrodes overlaying the
trenches.

A new process, as shown in Fig.1(b), eliminated this
problem by incorporating the LOCOS mask, i.e. a thin ther-
mal oxide and a nitride film, as part of the mask during the
trench etch. The thermal oxide film was grown and the
nitride film was deposited immediately before depositing an
LPCVD oxide film used as a trench etch mask, Trenches
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CMOS Device Isolation Using Silicon Facet formation was found to be dependent on pattern
Selective Epitairlal Growth geometry as well as the deposition temperature and pressure.At lower deposition temperatures (875 C) facet depth can be

80% of the SEG thickness at certain corners of <100>
C ntH. orin a tiv oriented patterns. These facets form on <111>

Components Research, SC945 crystallographic planes. At higher deposition temperatures
P.O. Box58125 (950 C) shallower and less steep facets on <311>

Santa Clara, CA 95052-8125 crystallographic planes are formed. The overall surface
topography of the SEG grown at 950 C is therefore better than

J. 0. Borland that grown at 875 C. The material quality of the SEG is

Applied Materials, Inc. studied by defect decoration and junction diode leakage

3050 Bowers Ave. current. Higher quality material is obtained at lower growth

Santa Clara, CA 95051 temperatures. This is opposite to the deposition condition for
minimizing facet formation.

Introduction: Polysilicon gate CMOS devices are successfully fabricated
in SEG material using an ion-implanted retrograde-well

The continuation of device dimension scaling and higher process. The device characteristics and latch-up susceptibiity

levels of integration require close examination of all aspects of have been determined and compared to devices fabricated with

device structures. One of the serious limiting factors for the standard LOCOS process. The SEG devices have the same

improved device denrty is the isolation structure, mobility as the bulk LOCOS devices, but with better isolatior

Conventional isolation technology using local oxidation of characteristics and latch-up immunity. The subthreshold

silicon, or LOCOS, wastes approximately 1 um space for the characteristics and reverse leakage current of the SEG devices

thin-to-thick oxide transition region known as bird's-beak are not as good as the LOCOS devices. These differences will

encroachment. This is .ot acceptable for submicron devices, be explained. The advantages of planarizing the SEG surface

Therefore, new isolation technology has been an active for device fabrication will also be discussed.

research area for V-..SI fabrication technology.
A variety of proceses have been proposed to reduce the

bird's-beak encroachment of LOCOS isolation, such as
recessed LOCOS, SILO and SWAMI, etc. The improved
LOCOS process, however, only compacts the bird's beak, but
does not eliminate it. Furthermore, in LOCOS-isolated CMOS
technologies, lateral isolation of n and p wells depends as much
on junction isolation as on the LOCOS structure. Bird's-beak
free isolation can best be achieved by isolation structures that
are not modifications of LOCOS, such as trench isolation and
selective epitaxial growth (SEG). Trench isloation has been
intensively studied. Its use is, however, very limited due to its
process complexity. In comparison to trench isolation the SEG
isolation process is considerably simpler. It can be used to
laterally isolate n and p wells as well as single devices. Since
the SEG process is completely bird's beak free, the minimum
isolation for the CMOS process will be limited only by
lithographic capabilities.

In the present study active the device pattern is first
etched in the thick oxide layer by RIF This anisotropic etch
can readily define isolation structures or submicron dimension
and with verticle sidewalls. The oxide removed in this step is
replaced with device-quality silicon by selective epitaxial
growth. The SEG thickness is chosen to achieve a planar
surface. The SEG growth was carried out using SiH 2CI2, HC1,

and 112 in a commercially available reduced pressure epitaxial
reactor. The growth parameters are investigated in terms of
temperature, pressure and flow rates.
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PROCESS AND DEI"E SIMUI.AION OF TRENCH ISOLATION The hump becomes more prominent with increasing source
CORNER PARASITIC [lEVICE to substrate voltage because the parasitic device has

a lower substrate sensitivity than the mid-portion of

the device. This is a consequence of field lines

T. Furukawa fringing into the trench oxide.
J. A. Mande lean

The sensitivity of the hump to drain to source voltage
IBM General Technology Division and to channel length is demonstrated with the modeled
Essex Junction, Vermont 05452 characteristics of Figs. 4 aid 5, respectively. Mod-

eling shows that the short channel effects (both

threshold sensitivity to drain to source voltage, and

to channel length) of the parasitic device are smaller

than those of the main device. Figure 6 and Fig. 7,

INTRODUCTION confirm these results exrerimentally. It has also

been demonstrated that the current distribution asso-

By eliminating tile bird's-beak seen with local ciated with the corner parasitic is independent of
oxidation of silicon (LOCOS) isolation, oxide filled overall device width, down to the narrowest width
trench isolation offers scalability leverage of high studied (0.48 un). From this property it has been
density, high performance VLSI into the submicron re- shown that the leakage current per unit width at zero

gn. Iowever, there are fundamental concerns which gate to source voltage is proportional to the recip-
must be addressed with t-nch technology. One concern rocal of the device width. In Fig. 8, simulated sub-

is the existence of a parasitic device at the trench threshold leakage current of an active device is

edges of an active n-channel device. This parasitic plotted as a function of device width for different

device has been seen to turn on at voltages lower than device lengths. From the slope of the curve, leakage

the main channel due to electric field enhancement at current due to tile parasitic device can be calculated.
the trench/active device corner, resulting in a "hump"
in the channel current vs gate voltage curves. Thus, SUMIARY AND CONCLUSIONS
the parasitic device increases the subthreshold
ledkge current of the active device. Several studies 2-D process and 3-D device modeling have been used for
of this parasitic effect (Ref. 1-3) Ilav been re- studying the electrical characteristics of n-channel
ported, bst most investigate only long channel device oxide filled trench isolated devices. The modeling
behavior witI emphasis oil suppression of the parasitic has focused on the influence that the corner parasitic
device or "hump' by doping the trench side walls. device has on the transfer characteristic of the total
Thinning of the gate oxide at the trench edge is an- device. Earlier work based on 2-D modeling (assumed
other concern. Thinled gate oxide not only degrades infinite channel length) led to a conclusion that ex-
gaLte oxide reliobil ity but also worsens the parasitic tra boron doping is required at the corner to suppress

ece Froblem. the parasitic current. However, the 3-D modeling work

discussed in this paper shows that the short channel
In this stty, two-dixeusionl process sinilat ion nd roll-off of the parasitic device is less severe than
a three-ldimensional device sisulation have been used for the main part of the device. This result has also
to investigate in depth the '.iture of the parasitic been confirmed experimentally. Therefore, at short
deic r, part ictilirly its short channel character- channels the threshold voltage difference between the

ti vs. Sclbthreshold leakage current of all active parasitic device and the main device is reduced, re-
d,-eit.e It bin ,n.ilyzrd as a function of device laxing the requirement for extra boron doping for
[l oclts. Sitcl a tion -s'ults tave been compared with leakage current control.
spec teitta 01dIta.
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PROCESS PARAMETLRS OF THE TRENCH RIF oxide etch rate is measured on the 2 nd area.

DEDUCEDl FROM THE LASER SIGNAL -The maximum of the envelops of the curves

Bernard LEROY and Franiois LEVERD corresponds to a value of dond ie h

IBM RANCDet 17(,/21),knowledge of the absolute value of do and d T'

B FR.AN0CEDet .173b/231),FR The information is availahle at the heginning

BP S,9102,ORBII. SSONESERACI:of the plasma cycle (tO) ,giving a measurement

of the initial conditions
A trench is etched hy a plasma through -The distance hetween the envelops is propor-

a hole in a multilayered structure(SiO, and tionnal to S T and measures the reduction ofST
Si 3 N4) covered hy a do thick Sio, film during the cycle,either in the case of rough-

(figl',he epthof he ilicn eche isness of the hottom (correlated with the reduc-
monitored hy a laser signal (A =632.Rnm); tion of J3 in the first area),or when facets
E is the amplitude of the electric field, exist at the hottom of the trench (no corre-
2 the intensity proportionnal to I land Ii lation with J reduction in the first area).
the phase.In the reflected heam,three h eams -- -r.i
interfer: the beam reflected on SiO 21 ,0,)E 0 .
the beam reflected on the mulcilayer film1

(Lf.
0
f) and :he heam reflected on the hottom

of the trench,at a depth d T (1 .TOT).Let SoIs
he the part of the surface covered hy the Sn

oxide.,(l-S 0) the part where the trench is

opened and S T the flat area of the bottom

.of the trench (ST <l-SO).The signal is: r

= Ii =ITST ' (Of] Sol

During the etch,do is reduced and rc p
wit repcToS ndS~ihr increases.The signal can he calculated

computer simulation,or hy measurements on an I

ahacus. S. ~ 5

The signal is studiled in three types of lJEJ 0.181[, El lr 1.41rFlr 11 C.5971[
patterns: #1 01' 4" 4It / 512.t 8 ml.5F

1- In the first area,there is no oxide (S =0) k04I 'T tc/"2,

When the hottom of the trench is flat,S T= I'Figure 1 section of the trench,reflected beans

and the signal is constant.When the hottom is elIect ri c fie l ampl itudles and phases

rough,a part of the signal is not reflected tim

in the tight direction,and the intensity is

reduced.The ohservation of this reduction is

the best way to quantifie this roughness -----

(Flaw k silIicon) and the moment of the plasma

cycle wures it begins.

2In the second area there is no trench

I;the , igrri I is thle Interference -

he tIeer, I ar[Id I Un our case where, 60ims- 
1

is IUraid (fig I the- nasimirs of .1 is for

c d Isol.3 ~~. m s~see

Ii ,1 gir., >I th es l t h ci .rite of S i ii

I,'1 E l I ee. a cv rea -0. i '.ithie

ti'Iuici,tesprrdcilvfgcr

'vs :; recr~it ret-r I.il
-I t r It .1 d ri ec



static r-V technique. The resultt of these additional experiments will be

presented.// 1 /

ACKNOWLEDGMENTS

The authors would like to thank S. Ueland and his staff for the prOCeass RNH

log of the test structures used In the experiments. TRNC

REFERENCES / N

1) Y. Tomak[, S. lsomae. K. Sagara and T. Kure, J. Electrocheni. Soc., (1)Plane

Vol.~ D5, 72 (98).[ )1

2) S. Isome. J. AppI. Phys., Vol. 52, No. 4, 2782 (1982). [ O] 103

[10 iD
0

3) S. Mukherjee. M. Kim. L. Tsou, and M. Simpson, To be published.
z Lo001
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stu poly Isfiled In after a thin trench oxidation.
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Fig, 1. Schemratic cross-secdion diagrams tor three different types of
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TRENCtt OXIDATION FOR MINIMIZATION OF tprivlcs of the narrow trench can represent sidewall quality. For the hot-

DEFECTS tom surface study, a wide trench In square form was formed to make
poly-to-substrate capacitors. High frequency and quasi-static C-V

M. J. Kim, L. Tsm. S. Mukterjec, and D. C. McAhur measurements were done to find the slow and fast states densities.

Philips Labomtories When trench DMOS was made the p-body was diffused first before the

North Amedcan Philips Corp. trench etching. The refiled poly was pianarized, followed by n+ source

BrimiffMaor,N.Y. 10510 implantation. The trench DMOS allowed us to measure the surface

mobility, leakage current, etc. whilch are also useful criteria to defane the

trench quality. Cross section analysis was done with SEM and chemical

etching. Secco etch was applied to a cleaved surface to characterize

I. INTRODUCTION dislocation density change with respect to oxidation temperature and sur-

Trench technology is getting more attention for VLSI as well as power IC face treatment before oxidation.

development. Trenches can be used to make various kinds of silcon 1l1 RESULTS AND DISCUSSION
device structures including those for Isolation, storage capacitor of

DRAM. vertical DMOS (doubly diffused MOS-FET), and other three The shape of trench is very Important to make a good quality oxide and

dimensional devices. Since the trench Is etched Into silicon substrate to reduce defects In the silicon. There are essentially three types of trench

be filled with an other material, it can generate potential problems unless shapes as shown In Fig. 1. When a trench Is anlsotroplcaily etched, a

a special process Is used to overcome them. There have been many comer dlepenlng similar to Fig. 1A Is likely to be obtained. This type of

studios on trench formation and the follow-up processes In conjunction pointed comer generates the worst quality oxide with formation of a large

with the applications to device fabrication. In almost all cases, a thermal number of defects due to a wedge stress effect caused by volume ex-

oxidation Is needed to maintain the Interface Integrity. The stress dis- pansion of oxide. A better control of reactive gas composition can im-

tdibutlon and the defect generation scheme however are unique for the prove it nearly to a right angle of the type B In Fig. 1. Ths of cause Is

trench oxidation since It is taking place In a confined space. Defect better than type A but can also create a large number of defects. A large

generation associated with the trench oxidation was recently evaluated volume expansion of the thermal oxide Induces compression In the oxide

for thick oxide (1). and tension In the silicon. The stress Is concentrated at the end of a
dielectric patter (2) in a planar structure.

The purpose of this study Is to Investigate trench oxidation to minimize

defect generation. In order to reduce defect generation during trench Figure 2 shows a schematic presentation of dislocation generation during

oxidation, it Is necessary to improve the entire trench process. The the oxidation. The stress Is concentrated at the comer due to the physi-

trench comer must be rounded to avoid stress concentration. A comer cat limitation of the trench sidewall. This will generate a large amount of

deepening Is particularly detrimental. Thin oxide Induces less stress and shear stress In X direction. Since trench Is made In paroatll with water

can make a good Isolation with a refiIl poly. as long as the thicknes Is flat, the stress will be In the (110) direction. The dislocation glding plane

optimized to sustain the required breakdown voltage. The oxidation (t 11) passing through the comer 0 Is schematically presented In Fig. 2.

temperature must be above viscous flow temperature so that the stress When stress surpasses the yield point dislocations will be generated on

from oxide volume expansion Is relleved within the oxide Instead of the (111)plane with t01] and [01 Burgers vectors. Asoxidethc kness

transmitting to the silicon. The fornation mechanism of the oxidation in- increases, more stress will be generated to form additional dislocations

duced dislocation will be discussed. to be gtided along (t 11) plane. A similar stress center wtll also be
created at the top edge N where both dlefectrics meet at a right angle. In

Effect of cleaning on surface states density Is also studied. The fast and this case the dislocations are gilding downward on another (111) plane

slow states are measured using high frequency and quasi-static C-V generating dislocation tangles In the middle of the siticon steps. Many

measurements. The trench surface defects can further be removed by a dislocation pits were observed along the (1t1 planes after a thick trench

sacrificing oxidation. The method of poly refill Is also reviewed for oxidation (1). The dielectric breakdown measurements shows as low as

fabrtcation of a active device. Using the trench DMOS, the Interface 30 V for the tOOOA oxide. This Indicates that the sharper comers also

characteristics such as mobility, leakage current, threshold voltage, etc create weak spots within the oxide. Therefore. corner rounding Is very

are also evaluated. Inportant for the trench etching.

Il. EXPERIMENTAL METHODS Figure 3 shows an Ideal trench shape with rounded corner. Reproduc-

Stilcon waters used in thi s study were n-type silicon of (100) orientation lion of the rounded comer is not a easy task. It requires aprecise control

with a resistvity range of 0.5 and 1.2 ohm-cm. A pad oxidation of 500A of the gas composition and etching rate In several stages. A thinner

was thermally grown followed by a 1400A nitride deposition using oxide Is preferred because of less stress generation. Sl ce the large

LPCVD. A trench resist pattern was made with Kodak 820 and reactively stress caused by the oxide volume expansion can only be relieved either

etched to a depth range of 2.5 and 7.0 microns. In some cases, one by defect generation or viscous flow, a high temperature oxidation.

micron LTO has been used Instead of the resist mask. Various methods above the viscous flow temperature 105OC, Is desired to reduce defect

of RIE techniques have been tried to control the trench shape. Three dif- generation. The rounded comer Is helpful because a relatively uniform

ferent methods were used to dean the trench surface: standard wet viscous flow Is expected. The structure Is Fig. 3 has 1000A thin oxide

cleaning, dry cleaning In a gas phase etch and wet chemical etch. In the with filled-in poly. This structure Is expected to be relatively tree from

two latter cases, a few hundreds Angstroms of silicon were removed to defects and can be used for Isolation or 3D device fabrications.

reduce any residue or damage caused by the trench RIE. One thousIand Trench DMOS was made using the strcure in FIg. 3. Ultra low on-

Angstroms ot sacrice oxide was grown and wet etched for a frte resistance (3) could be achieved with the high density DMOS of t 2

reduction of the surface damage. micron frech, Iit was found that off-state leakage was much lower with

The final trench oxide was grown to I 000A In a temperature range from the high temperature gate oxide, which could be linked to the reduction

750C to I IOOC A wet oxidation was tied at the lower temperature of detects The rounded comer device showed higher dielectric break-

range, 750C-1000C, whereas dry TCA oxidation was done In the higher down voltage A more systematic study of the oxide Integrity s under

temperature range. 950C- 1 OOC. The trench was filled wfth In-sfitu poly way to establish a more precise Inter-relationship of the oxide quality wffh

doped with phosphorus A trench 0f 1.2 micron wide could easily be the device performance parameters The measurement of the states

filled with I 0 micron thick poly without creating any voids The charac- densities at the trnh oxide interface are aso p ogrsing. isIng quasi-
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PLANARIZED BOROPHOSPHOSILICATE XZPBRXIXNTAL

GLASS BPS DEPOSITED FROM
ORGANOMETALLIC SOURCES A novel LPCVD reactor was used to deposit

BPSG on 4-6 inch wafers. TEOS, TEB, and t-
butylphosphine, supplied by American

Deen W. Freeman, mark A. L~ogan, Cyanimide, were used as the sources for the
Lloyd F. Wright, and Joseph R. Monkovski deposition of the glass. Temperature,

pressure, and vapor flow rates were varied inNonovaki-Rhine Incorporated, Ban Diego, CA& order to achieve optimum trench fill and
planarization characteristics. Thickness was
determined using a Nanometrics Nanoline/AFT
and a Rudolph AutoEl ellipsometer. Dopant

IUTRODCIONconcentrations were determined with a Digilab

As device technology drives towards Biorad FTIR and wet chemical techniques.
double and triple level metal with shrinking
pitch sizes, planarization prior to metal-
lization is becoming increasingly important. RZBULT6 AND DZSCUSSION
As a result, the requirements for the
borophosphosilicate glass used as the inter- BPSG films of up to three microns thickness
level dielectric are becoming more strin- were deposited for trench refill and
gent. These glasses need to deposit confor- planarization. The films are compressive;
sally, and then reflow in such a manner to thus no cracking of the films was observed.
efficiently refill or planarize the device Dopant concentrations were varied from 0 wt%

surfce riorto etalizaion Mor imor- to 10 wt% for phosphorus and from 0 wt% to 5

tantly, the thermal budget of the deposition wtt for boron. The conformality of these
and reflow must be kept to a minimum in order films is nearly 100%, which allows for com-
to be compatible with the shallow junction plete trench or contact refill without the
depths needed for advanced devices, formation of voids.

State of the art BPSG deposition techniques If reflow of the film is desired the reflow
employ hydride chemistries of silane, oxygen may be performed insitu at temperatures as
(or nitrous oxide for plasma), diborane, and low 800 degrees C. This allows for a very
phosphine to deposit BPSG. These films are planar surface. The ability to perform the
typically deposited at -400

0
c, then reflowed reflow of the glass in-situ at such a low

at higher temperatures. The resulting film temperature not only reduces the total ther-
togology is a mounded surface with roughly mal budget, but eliminates a process step,
30 anyles over the 900 steps into the con- reducing the overall cycle time of the BPSG
tacts. deposition and reflow sequence.

As device geometries shrink, however, the
hydride chemistries do not provide sufficient CONCLUSION
step coverage into the contacts. As a result,
organometallic sources, which are also saf~r, The authors have demonstrated that conformal
have been substituted for these hydrides. 

,
1 SPSG films can be deposited from organometal-

Becker, et al., introduced TEOS, trimethyl- lic sources. These glasses can be reflowed
borate (TMB), and phosphine into a horizontal in-situ to yield a planar surface for sub-
LPCVD furnace and were able to deposit sequent metallization.
uniform BPSG films. When they attempted to
use trimethylphosphate (TPate) in place of tPNERENCES
PI3, Becker et al. observed low wt % P
resulting from the low vapor pressure and i. J.S. Mercier, Solid State Technology,
reactivity of TMPate. When they attempted to Vol. 30, No. 7, p. 85 (1987).
use trimethylphosphite (TMPite), they ob-
served nonuniformities and depletion due to 2. F.S. Becker, D. Pawlik, H. Schafer,
the reactivity of the THPite. More recently, Journal of Vacuum Science Technology B.
Decker has demonstrated the ability of the Vol. 4, No. 3, p. 732 (1986).
TZOS, TMB, and PH3 BPSG films to achieve
complete refill and planarization of high 3. F.S. Becker, Journal of Electrochemical
aspect ratio trenches. The reflow was Sc- Society, Vol. 134, p. 2923 (1987).
couplished with a post deposition anneal.

4. R.A. Levy, P.K. Gallagher, F. Schrey,
Recent work by Levy, at al., has demonstrated Journal of Electrochemical Society, Vol.
that an organometallic-based BPSG process can 134, p. 430 (1987).
produce conformal films for small wafer
loads.

4  
Although conformal deposition was

achieved, a subsequent anneal was required to
reflow the films.

In this paper the authors demonstrate that
organometallic sources can be used to deposit
a TEOS BPSG film. In addition to depositing
a conformal BPSG film we will demonstrate
that these films can be reflowed in-situ at
temperatures lower than those currently used
for BPSG reflow, thus reducing cycle time and
thermal budget.



Table I

TWCTS . Oxygen Film properties

process Conditlons

Temperature 
600-C

Oxyqe( TCTS , 4:1

Pressure 400 mTorr

RefractiVe Index

(63-.8 n.1 
1.450 ± .005

p-ZtCh Rate (25-C) 
0 1 n/sec

Br,&dow Volage 4-6 x 10
6  

volts/cm

areaKdowl VoltaSge 5 1

6
008o

FSIl Stress F 2 x 109 dy
ne s/

c
m 2

300 n 
-oopress"e

500-1500 nm 
<35 0' dyntS/OS

Stoichiometry 
1.0 S5 2.0 CBS)

carbon content 
0.01% (SINS)

Film uniformity ±2% (Quaitrware dependent)



Abstract No. 239

Silicon Oxide Deposition from Cyclic Siloxane

Precursors

A.K. Hochberg. A. Lagendijk, and D.L.

O'Meara

J.C. Schumacher Company t oft
1969 Palomar Oaks Way E

Carlsbad, Ca. 92009

S50~
The requirement for lower temperature

processing in VLSI device fabrication and the o

need for the elimination of hazardous gas "
sources from the workplace have spurred 600C

extensive investigations into new chemical04gras/minTS

vapor deposition source materials. 0 40mTom

Tetraethoxysilane, TEOS, has been used 0850mTo,
as a silicon oxide source for many years in 10

the temperature range of 650 to 7500C, and 01 1.0 10.0 500

the resulting conformal coatings have been

applied for trench filling. Lower temperature Flo. Rotio, Oygen:TMCTS

oxide depositions will be needed however in

the presence of VLSI silicide layers.

Plasma- assisted TEOS processing has
been attempted in the temperature range of

300 to 425C 11), but trench filling and Fio. 0A rPA.,
doping still require further investigation.

Low temperature silane oxides thermally
deposited at (400+50)*C have poor

conformality (2). In addition, silane is

quite hazardous.
Mono-alkyl cyclic siloxanes have been

found to be suitable sources for silicon

oxide deposition at temperatures below those

for TEOS. For instance, 2,4,6,8-Tetramethyl-

cyclotetrasiloxane, TMCTS, can produce

silicon oxide films with deposition rates a-d

conformality equal to those from TEOb, but at

temperatures 100*C lower.

The decomposition of TMCTS is dependent ,. 0 o.:
on the oxygen to TMCTS ratio, with negligible 00 *0 "10,r0.0, 0 A ,.0500 0Z

deposition occurring in the absence of

oxygen, as indicated in Figure 1. The

volatile reactive species, possibly Si-O,

appears to have surface migration character-

istics comparable with those of TEOS decom-
position products as evident by the trench '0 0 0°

filling shown in Figures 2a and 2b. The TMCTS 100 7 6 600 550 5 550. C

film properties are indicated in Table I. -

Alternate alkyl cyclosiloxanes have also -

been investigated. As expected, the )p

introduction of other alkyl groups results in

a different deposition temperature range. \

The tetraethyl homologue of TMCTS, TECTS,

appears to be a lower temperature source, c
with practical silicon oxide deposition rates .2

at a temperature of 4400C.
The kinetic data presented in Figure 3 a 0C E -A

shows, clearly, the usable temperature range v O lCTs

for TEOS, TMCTS and TECTS. While the sources *00

can be used at higher temperatures, the 10 -... .
increased reactivities may lead to nonuniform 1.000 1.100 1.200 1.300 1.400

depositions in conventional 'stacked wafer'

LPCVD reactors. In general, however, the 1000/Temperntore N)
cyclic siloxanes are very promising

candidates for neat and doped silicon oxide

depositions.
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Table I

DEPOSITION PROCESSES AND CONDITIONS FOR BPSG FILM FORMATION

CVD Reactor Reactant Reactants Diluent 02/Hydride Temp., Pressure Dep. Rate

Type e Types _ Xo_ rL1ti_ .T2r fLv l

AP planar hydride SiH4, B2H6  N2  40-60 340-375 760+ 120

rotary, PH3, 02
conveyorized
dispersion, or 40-60 340-375 120

injector 12-150 300-450 100-300

LP vertical hydride SiH 4, B2H6, none 1.5 400 0.19 20-25

isothermal PH3, 02

LP tubular hydride Sih 4, BCI3, none 1.5 425 0.18-0.40 15-20

horizontal -chloride PH3 , 02

LP modified organic TSOS, 2' 620-680 0.5 5-10

tubular (CH30)3 B, Ar

horizontal (CH30)3 P or
PH3, 02

PF tubular hydride SiN4 , B H4, none (N 0+0 )/HY 380 0.83 200-500

horizontal, PH3, 02, N0 15-4

(planar
radial)
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DEPOSITION PROCESSES FOR The fusion flow of BPSG8,
8 1

9 which
BOROPHOSPHOSILICATE GLASS FILMS typically contains 3-5 wt% B and P each,

is usually done in a tube furnace for
20-30 min. in N2, 02, or steam at 800-

Werner lerm, Dean Freeman 950
0
C. Reflow after etching the vias

KoukoWski-Rhipe, incorpOrated must be done in a dry ambient, usually

San Diego, CA 92126 02, to grow a thin poletke oxide
layer, followed by N2.- ,'I Rapid

Films of borophosphosilicata glasses thermal heating allows flow in seconds
(BPSG) have been successfully used for instead of minutes, but at l00-1750c
the planArization and interconductor in- higher temperatures. 'I

,  
However,

sulation of VLSI silicon circuits be- rapid thermal heating is not always ad-
cause of their excellent properties and vantageous in preventing dopant diffu-
viscous flowability at relatively low sion into the substrate.
temperatures. several CVD processes
have been developed for synthesizing REFERRNCEB
films of BPSG. This paper reviews the
various options that are now available 1. W. Kern, G. L. Schnable,
to the process engineer. Details are "Chemically Vapor-Deposited
summarized in Table 1. Borophosphosilicate Glasses for

Silicon Device Applications," RCA
The original process

1
'
2 

was based on the Review, vol. 43, pp. 423-457
CVD reaction at atmospheric pressure (1982).
from the N2 -diluted hydrides SiH 4, B2H 6,
and PH3 with 02 at 430

0
C using conven- 2. C . R a m i I I e r , L . Y a u,

tional rotary and conveyorized reactors. "orophosphosilicate Glass for Low
Lowering the temperature to 340-375

0
C T emp era t u re Re flow," Paper

and increasing the 02/hydride ratio from presented at SEMICON/WEST '82, May
20:1 to 40:1-60:1 and beyond increases 25, 1982, San Mateo, CA; Technical

the rate of fim format~io by reducing Program Proceedings, pp. 29-37.
the particle generation. - An advanced
conveyorized APCVD reactor, currently
available, features a slotted gas injec- 3. W. Kern, "Optimized Atmospheric-
tion system that leads to improved Pressure CVD of Borophosphosilicate
uniformity of film thickness, with Glass Films," RCA Review, vol. 46,
lowered particle densities. pp. 117-152 (1985).

Hydride based low-pressure CVD in 4. C. Dornfest, "The Effect of Reduc-
tubular horizontal reactors prevents the ing Deposition Temperature in an
introduction of sufficient B H6 because Atmospheric Pressure BPSG Process,"

of decomposition in the ho? 9as dis- Electrochem. Soc. Ext. Abst., vol.
tribution tube inside the reactor. The 85-1, pp. 347 (May 1985).
thermall4 more stable BC13 can be sub-
stituted %ut leads to 0.5% C1 in the 5. W. K e r n, R.K. Smeltzer,
BPSG films. One approach to preventing "Borophosphosilicate Glass for In-

depletion effects has been the use of a tegrated Circuits," Solid State
vertical-flow LPCVD batch reactor. This Technology, vol. 28 (6), pp. 171-

reactor uses hydride chemistry and 179 (1985).
eliminates gas depletion, but requirer
rather high concentrations of hydrides. 6. H. H. Hurley, L. D. Bartholomew, D.

T. Bordonaro, 'BPSG Films Deposited
by APCVD," Semiconductor Interna-

Plasma-enhanced CVD has been used for tional, vol. 11 (10), pp. 91-95
forminglo 5G fili.j from the (1987).
hydrides.l0

*
1 The application of a

plasma seems redundant since tempera- 7. T. Foster, G. Hoeye, J. Goldman, "A

tures similar to APCVD or LPCVD are used Low Pressure BPSG Deposition
and appe undesirable side effects Process," J. Electrochem. Soc.,
occi. vol. 132 (2), pp. 505-507 (1985).

The synthesis of BPSG can also be based 8. W. Kern, unpublished results.
on tatraethylorthosilicate (TEOS) with
trialkyl borates and pho jhes or phos- 9. A. J. Learn, W. Baerg, "Growth of
phites, as well as PH I The high Sorosilicate and Borophosphosili-

surface mobility of TEZS leads to excel- cats Films at Low Pressure and

lent conformal coverage, a key requisite Temperature," vol. 130, pp. 103-111

for void free planarization. The (1985); see also: "Full Spectrum

lowered toxicity of these organic reac- CVD System," Solid State Technol-
tents compared to the hydrides is an ad- ogy, vol. 26 (12), pp. 61-62
ditional advantage. The reactants can (1983).
be introduced in the reactor by conven-
tional eq ods or by liquid
injection.



(a) (b)

Fig. 1. (a) Modulated reflectance image of 0 stacking fault on a
patterned Si wafer. The two bright dots which taper

toward one another are the ends of the bounding
dislocation. The actual distance between the two dota

is approximately 40 microns. This image is measured
through a 6i02 film (348 Angatroms) £23.

(b) Conventionml optical photomicrograph (at slightly

larger magnification) of the oae region as in (a)

after oxide strip and Wright decoration etch £2].
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Si CRYSTALLOGRAPHIC DEFECTS ON TRENCH-ISOLATED 
BIPOLAR IC WAFERS

IMAGED WITH NONDESTRUCTIVE THERMAL WAVE IMAGING

S. Marks

Advanced Micro Devices

8611 Military Drive West

Son Antonio TX 78245

W. Lee Smith and D. Willenborg

Therma-Wave, Inc.

47734 Westinghouse Dr.

Fremont CA 94539

Trench isolation is a technology to The first images generated with this

which the IC industry worldwide is becoming method (23 were those of stacking faults

heavily committed as a means of achieving and dislocations induced in silicon wafers

further increases in packing density [13, by a damaging gettering technique followed

Issues of reliability and yield of trench by oxidation. An example Is included here

structures are basic to this effort, as Fig. I. The comparison of the post-oxi-

In this article, we describe the dation thermal wave (TW) images with stan-

application of a newly emerging subsurface Si dard optical microscope images made after

defect imaging technique C23 to problems of oxide stripping and Wright etch showed a

process control of 4 ,,nch-isolated bipolar spatially definitive correspondence between

VLSI circuits. We focus on issues of the two methods.

process control, defect generation and In the present study we examined VLSI

detection that arise uniquely with trench bipolar wafers for subsurface defects by

structures. The pragmatic goal of this study using conventional, destructive decoration

w to davelop a real-time subsurface Si etching methods and the new method of

defect inspection method, usable in a thermal wave modulated reflectance imaging.

nondestructive manner on in-process product Comparimons were made in s spatially

wafers, for minimization of process-induced located manner so that the exact same

subsurface defects such as dislocations silicon area could be first thermal wave

originating from furnace contamination or imaged and then decoration etched and micro-

oxidation-induced stress, photographed. Wafers were examined after

The laser-based, thermal wave modulated the processing steps of field oxidation,

reflectance images are generated in a base diffusion and emitter implant anneal.

noncontact, nondestructive manner with image Thermal wave images show the presence

acquisition time of I minute for a 100 of defects extending predominantly from the

micron by 100 micron image. The spatial trenches into the active interior region of

resolution is I micron; however defects much the transistor cells. Adjacent cells may

smaller than that size are detectable. An show significantly different defect behav-

unusual aspect of this technique is that iour. Crystallographic slip, apparently

each Image shows a projection of all defects associated with the trench oxidation process.

contained within the sampled volume, which was also imaged on some wafers.

typically extends from the surface to a In addition to the comparative examples

depth of 3 - 5 microns into the Si. The of this defect imaging method, we will

method operates in room ambient conditions describe the current status and expects-

(no vacuum), requires no special sample tions of this method as a production monitor

preparation, and is able to image through for yield enhancement of trench bipolar VLSI

transparent overlayera such as silicon circuits.

dioxide. As such, it is able to operate on

in-process wafers at various production References,

steps, such so after trench etching or

field oxidation, prior to metallizatlon for 1. V. Rice, 'Cell Structures of Next-Gener-

detection of process-induced defects. ation VLSIs', J. Electronics %ngineer.,
Nov. 1987, p. 38.

2. B. Witowaki, W. Lee Smith and D. Willen-

borg, 'Nondestructive Technique for the
Detection of Dislocations and Stacking

Faults on Si Wafers', Appl. Phys. Lett.

52, 640 (1988).
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A Novel Process for High Speed Silicon standard 5-wafer stacked electrode Drytek
Trench Etching 102.

Jeanne M. McNamara, James L. McNamara
Results and Discussion

Harris Semiconductor Results were measured by SEM cross
Melbourne, Florida 3290t, sections of the trenches produced. These

results show the ability to produce trenches
Introduction of different depths and shapes by selective

Traditional silicon trench etch choice of process parameters. The optimum
processes have faced difficulty in response for both masking types came at a
simultaneously optimizing the etch rate, pressure of 550 mtorr, power of 200 watts,
selectivity, profile, and uniformity. A and a flow ratio of 2.50. At these
high speed silicon trench etch has been settings, the oxide mask produced trenches
developed using a high pressure, low power 11 microns deep, 7 microas wide (from a 5
SF /0 process. This process has been micron mask) and an 80 degree sidewall angle
deoelgped in a Drytek 102 Plasma Etcher. The (Fig. 1). The photoresist mask produced
process is capable of producing trenches as trenches 6.3 microns deep, 6.7 microns wide
deep as 12 microns in 2 minutes. It (from the same 5 micron mask) and a 90
produces near vertical sidewalls with good degree sidewall angle (Fig. 2). The
replication of the masking pattern. Both difference in width/undercut is explained by
photoresist and photoresist on oxide masks the probable inhibition of the passivating
have been studied during the optimization sidewall oxide formation by the oxide mask.
of this process. The increased depth is most likely caused by

a focusing effect when the plasma passes
Experimental Procedures through the oxide surface mask. The

Feasibility tests were run to ultimate depth limitation of the process is
determine the process physical limits and to not known at this time. Minimum masking
gather basic information on the probable geometry has also not been studied.
settings for the optimum process. The Profiles from vertical to sloped are
trench etch pilot wafers were (100> n-type, achievable and repeatable. Oxide masked
3-5 ohm-cm 100 mm diameter, CMOS starting trenches showed some evidence of undercut
material. The trench mask was a single which can b,- overcome by mask sizing.
width trench isolation mask with nominal 5 Photoresist masking is as effective as oxide
micron lines. The wafers were coated with masking. As opposed to the oxide mask
1.2 microns of Shipley 1400-27 resist, undercut, there was some edge erosion with
The trench pattern was transferred to the the photoresist. However, no special
wafers by exposure on a Perkin-Elmer 200 methods were employed to harden the resist.
series projection aligner and the The bottom corners of the trenches are
photoresist hardbaked in a 130 degree rounded and the bottom is smooth and nearly
convection oven. Based on the preliminary flat, since this is an oxide passivated
results, response surface methods were used directional etch process instead of a true
to design a three factor matrix, studying anisotropic etch. This provides an optimum
the effects of chamber pressure, applied profile for oxide refill of the trenches.
power, and process gas ratio on the Selectivity to both oxide and photoresist is
responses of etch rate and trench profile. excellent with photo-
The etch time was fixed at two minutes, the resist selectivity equal to 20:1 and oxide
electrode spacing was chosen to be 5/16 of selectivity equal to 70:1.
inch. The other available variables in the
process were also fixed, since they did not Conclusion
appear to be critical factors. Each matrix The basic issue of sacrificing etch
was run in ramdom order. This design also rate (and therefore process efficiency) to
looked at etch uniformity and repeatability, achieve acceptable etch profiles and the
and took into account any interactive issue of needing multilevel masking
effects of the basic factors. Each matrix materials have been effectively resolved by
consisted of 17 runs sampling 5 levels of the development of the described process.
each factor as shown in Table 1. The 4 to 6 microns per minute etch rate, the

near 90 degree sidewall, and the flexibility
Table I Levels of Process Settings in available masking materials all combine

to make this the process of choice for many
Level Parameters silicon trench operations. Of particular

Pressure Power SF /0 promise is the corner shape at the bose of
(mtorr) (watts) RAtig the trenches, in light of the reported

1 475 125 3.33 difficulties with oxide refill. Studies to
2 550 200 2.50 improve this process will continue. At
3 650 300 2.00 present, estimated throughput in a
4 750 400 1.67 production environment would be 60
5 825 475 1.43 wafers/hour in the stacked electrode Drytek

102.
Flow ratios were determined with SF flow
fixed at 50 sccm. Power settings wire for Acknowledgement
the single wafer etcher; settings for the The authors would like to thank Mike
stacked system were higher to account for Shlepr, Richard Belcher, and Jack Linn of
the higher wafer area. the Harris Semiconductor Analytical Lab for

The full matrix was repeated for both their support in taking the many SEM
oxide masked patterns and for photoresist micrographs needed to complete this project.
masked patterns. This process has been run
in both a single wafer Drytek 102 and the
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Fig. 1: SEM Photograph of photoresist/oxide
masked silicon trench.

Fig. 2: SEM pho'-'qraph of photor-sist
masked silicon trench.
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Figure 2: Gate oxide hreakdowvn field %.gete oxide thick-

Figure 1: Trenches etched with low ion energy p~rocess. ness for (1001 sidewall trench capacitors (squajres). l10 side-

Etch timue was 40 minutes; trench depth is 14 pin wall1 trench calpacitors (triangies). aitd surface capacitors (cir-
eles). Dashed lines represent wet oxidation: solid lines repre-
sent dry oxidlation.
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ADBZSION, SOLDZRASLITY, AND PR3EtEIVZTY: This new process successfully combines various

3131? NZRTZ P2f desmear/PTH functions so as to yield a significantly
shortened overall process sequence, which actually

improves on the quality advances of recent years.

This paper will discuss the development and

Cheryl A. Deckert chemistries involved in the new system, as well as

Shipley Company, Inc. production esperience gained since the system

2300 Washington Street introduction.
Newton, Massachusetts 02162

Over the 30 years, more or less, since the first large
scale manufacture of printed circuit boards, many 1. C.A. Deckert, G.M. Wilkinson, R.J. Covington, and

changes in the way of materials, processes, designs, J.J. Doubraa, Proceedings 4th Printed Circuit

test methods, and end product requirements have taken World Convention, Tokyo, June, 1987, Paper WCIV-51.

place. One very technically complex sequence of steps
whose basic function has endured over the years is the 2. C.A. Deckert, E.C. Couble, and W.F. Bonetti,

plated-through-hole process, which creates the base :nterNepcon U.K., Brighton, U.K., October, 1983;

conductive layer on the board's hole wall surfaces toceedings 3rd Printed Circuit World Convention,

that permits build-up of subsequent electrolytic Wasthington, D.C., May, 1984, Paper WCIII-37; U.S.

metallization. Patent 4,515,829 (issued May 7, 1985).

Though the general function of the PTh process has 3. F.J. Nfu..i, Printed Circuit Fbrjca-tion 7 (4), 50

remained the same, gradual and cntinual evolution of (April, 1984).

the technology has occurred, genrally directed toward
either quality or productivity improvements. In 4. M.J. Barmuta, Printed Circuit Fab,-icarin 7 (4), 50

recent years, since the productivity improvement (April, 1984).
afforded by introduction of "heav3-build" (2-2.5 (m)

electroless coppers about ten years ago, these process 5. J. Tate, P ine Circuit Fabricatioan 8 (3), 26

changes have been strongly quality-driven, with the (March, 1985).

trend to more complex boards, especially multilayers,
being a major factor. 6. J. Wynschenk and A Delgobbo, CiLuit.Wrl..l (11,

78 (October, 1986).

The term "quality", as related to PTH processing, is
defined by numerous parameters

I
. Traditionally, 7. C.A. Deckert, Circuit World 13 (3), (April, 1987).

electroless copper coxverge and adhesion on all board
surfaces have been the main determinants of quality. 8. C.A. Deckert, Printed Circoit -abricaticon, to be

In more recent years, the benefits of a dense, published.
f n-als,..(,;d ei cOtl.ssg dIwo"t, it ompariso, ot:,

the coarser deposits of the past, have become evident,
as interconnect integrity and thermal test
requirements have become increasingly more stringent.
Finally, the demonstration of a high level of
cnnianny and wis oaratins windnw in the overall
process has come to be eapected.

Achievement of the best process results has been found
to be strongly linked with ensurance of a well
prepared hole wall substrate surface, and this surface
has been best achieved through use of alkaline
permanganate hole wall treatment. Permanganate
treatment, normally used as a desmear procedure for
multilayer boards, has been shown recently to solve a
variety of technical problems

2
-
7
; hence its use has

spread widely, not only for LBs, but in certain areas
for double-sided board treatment as well. Dramatic
improvements in hole wall adhesion and end board
solderability have resulted.

However, needless to say, in today's highly
competitive electronics environment, it is most
desirable that all quality advances utilized be
accompanied by good results in process productivity as
well.

Because of the lengthy process line involved when
permanganate treatment is employed for all boards,
recent efforts have sought to create a new PT process
which would include the permanganate desmear
treatment, yet which would fit into the tank space of
ex~tin7 0TH equie-t, thus greatly (mrovtn
productivity. The end result of this work is a novel
and already widely production-prnven new PTH process

8
.
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Abstract No. 246

POLY(VINYLCINNAHATE) PHOTORESISTS polymer backbones by every type of known organic structural
link. Despite the appearance of many exotic strctures.

FOR FINE LINE PRINTED CIRCUITRY the polymer of choice for most commercial applications
remains poly(vinylcinnamate).

Koshy John, Saulius Simoliunasand Arthur Tomsof 10% pclyvinylrunnamte) in A suitable aolvent is
applied on panel plated copper surfaces with an average

Kimplate Incorporated. 665 W. Warren thickness of I mil. T:, c-oing is drieb leaving a film

Detroit. MI 48201 USA of average thickness of 0.1 mil. The exposure to ultravioletthrough phototools yields good resolution to I mil patterns.

Proc 1967 until Present the technical and patent literature The image is developed in solvent vapors. The unwanted
oiv etched aw:;. Th. phctoresu. . ...

Ila96g-gg- d] iquid natiwe working resist system in i.comnn strippers, leaving copper patterns and copper
the photofabrication of electronic devices. plated through holes. Hot air solder leveling or tin

gn fifties and sixties pnly~vlylsuvvamatel s immersion followed by tab plating ensue to complete the
process. This process is superior to dry film technology

the photuresast of choice in producing line line circuitry~l . in that again it is the only process capable of such

Then the meaning of five luno wsT ign separated by fine resolution of detail. Hence. the use of liquid photo -

0 if ss ce. resists has returned to printed circuitry. An important(owever, this liquid photoresust coo replaced by
dryfimwevrthis shuk soatomated. wasry varuation of this process is the use of pattern plating.

then stripping of photoresist and depositing new photoresust
In the late seventies and now in the eighties poly(vinyl- for protection of conductors and plated through holes.

cinnamate) liquid photoresust is returning for the new This requires superior regisntratuon and good cleaning
definition of high density (I mil line and space) printed cycle for pattern platung.
ourcuitryl 2). yl o atenpaig

oHere is the procedure in detail with pertinent comments.
As dry film industry expert R. H. Wopschall haspnns u:I. Drilling nf the copper clod lamnsate by manual

or HC methods. If NC methods are unavailable. h to 4
"Dtry file phntoresist technology is noc used to oz. copper cladding is preferred. Vapor degrease in chlorinated

fabricate most of the high-density printed circuit boards coloests. P~cw coat oith phot oresiut, dry in aoconeectiun
for computers, telecommunications and aerospace applications, oien at 2h0"f for I hour. bfter renoung the board, cool
A 15 to 00 micrometers thick photopolymer layer, protected it to roes temperature, place it on the printing machine
betcenn transparent fules before use, is applied sod and eopose to UV, develop in the solvent vapors. dye
t-u;. oxy:sed to ultraviolet light through a photographuc us Gentien violet in toloece. rinse off the senyipsed
transparency representing the desired circuit pattern.

resist wuth cater spray, then rinse in isopruppl slcohol.
Most circuit line conductors are 100 micrometers wide
or wider. Dimensions of 25 micrometers are achieved with spray with water. 5% HCI rinse, air dty.

Thus pronides good contract reliahie pattern, ehush
advanced processing techniques and even smaller dimensions

are eupeoted is the !utire. * can be used in hand drilling operation. The resst pattern
is only 0.1 mal thick, it is quite pliable nd does notThan assssent i in agreenests ith todayns prastusal
chip as dry film photoresuat, ahich is quite brittle

production limits, which currently stand around 4 mil
and a magnitude thicker. A good driller can thus providelinen and spaces lIft - TH -h7f8)

Liquid film applied to about I mil thickness dries prototype cards by manually drilling 3 or 4 card stacks.

out to 0.1 mul solid layer on the plate and inside the 2. Electroless copper deposition cyle. The photoresust

plated through hole. By contrast, dry film phutoresasts pattern has to be stripped in common strippers, such

are thinned down to 0.25 mil for the tenting and etching as 50% by volume water, some ammonium hydroxide, and

mode of operation to achieve finer lines and spaces. surfactant. Rinse in water spray. Dry in an oven at 212-F

The signifucant limitations of dry film photoresists to drive out water. Degrease in chlorinated solvent,

occur in tenting and etching, where. in case of rupture etch , ammonium persulfate (10% by wt) aqueous solution.

of th.e tent, the copper in the plated through hole is Rinse, 10% by vol. 2S4 dip. rinse. Stannous chloride, rinse

etched aa. palladium chloride. rinse cycle can be used. This cycle is

Poly(vinylcannaeatl) crosulinks by the mechanism preferred, because there are no complecing agents deposited on the
for the dimeriotion of cinnamic acid to form truxillic board from stabilized palladium-stannous chloride catalysts, whuch are
acid itrais, tras - 2, 4 - diphenyl - 1, 3 - ycloutaced:- commercially avealable. As for eletroless copper itself, the electrn-

sarhonglic amd): less copper deposit produced from dilute aqueous solution of copper

PIT. EDTA complex. nickel chloriue.. sodium hydroxide an) for-!deh..e

Po, only approaches, but never becomes identical to plain copper
" ' 40 NooC sulfate electrolyte copper foil in mechanical properties, But this

2 . =-. deposit is better than that from the commercial electroless copper

H C 00a M solutions, whuch are loaded with stabilizers and produce porous films.

although the solutions last longer. From the engineering view-

point, bath stability at the expense of mechanical properties of

the deposit does not make any sense. The porosity has a saving grace

that it provides subsequent keying of electroplate to original foil

The recommendation is to sand off the electroless copper deposit al-

The nlur of rroru link per unit of 10, or exposure together. Vhn the control of electreless copper thickness become

time is increased by arnsitizers, such an Muchler's ketone. unnecessary.

anthraqunone, and p - nitronniline (triplet sensitizers). 3, Copper pance electroplAting should be done from plain topper

The crosslinking may be effected by other sensitizers sulfate el-etrolyte'samulate and surpass the commercial foil in

throuq electron transfer mechanism. higher tensile strength and bending ductility, Already twenty five

Cannaate moieties have been attached to carinos years ago a new plating philosophy, which may be called antibrightener

34ti,



and antileveler approach, was demonstrated in electroplating baths

without additives.

4. Photoresist application. Light sanding of copper electro-

plated panels. Photoresist can be sprayed or one can dip boards

in it, let dry at 250F for I hour in air circulated oven. Adhesion

ss excellent. Aur drying is a must, since oxygen inhibits poly-

merizatuon - crosslunkng. The photoresast Thas viscosity of 12

ceatastokes. solids about 10% by at, specific gravity about 1.01.

S. Etching. stripping of photoresist. hot air solder leveling

finish the cycle. Hot aur solder leveling provides pure entectac

solder, which cannot be produced by electroplating.

For flow charts of processes one may consult a former communica-
tion(4).

I. U. S. Pats. 2.670,285; 2.670,286; 2.670,287 (Feb.23,

1954). L. M. Monsk and coworkers.

2. K. John, G. G. Perrin, Jr.. and S. Simoliunas, Liqsid

Photoresists for Higher Resolution in Printed Circuitry,"

IPC - TP - 577, April. 1986. Boston. MA

3. R. H. Wopschall. *Dry Film Photoresists." Solid State

Technn..9, 153 (1986).

4. A. Price, G. G. Perri., Jr., and S. Simoliunas, Lsquid
Phctoresist Process for Subtractuve and Scmiadditive Printed
Circuitry.e American Electroplaters' Society 67th Annual

Technical Conference Proceedings. June, 3980, Milwaukee,

WI
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Abstract No. 247

ELECTRICAL INTERCONNECTION THROUGH SILICON WAFER mode. The wavelength of 1.063 micrometer is
particularly suitable for absorbtion by electronic

T. Dupeux*, H. Sibuet**, P. Deroux Dauphin** transition through the silicon gap. A good choice
of laser parameters, such as pulse repetition

THOMSON/LCC rate, pumping current and number of pulses
CEA/IRDI/D.LETI minimizes the random walk effect described by T.R

Anthony (5). Figure 3 shows a plot of average
* THOMSON/LCC BP 13 92403 COURBEVOIE error on the positionning versus peak power of

pulses. Figure 4 shows diameter hole vs peak power
**CENG 85 X 38041 GOENOBLE CEDEX of pulses. An analysis of these diagrams

France indicates that choosing a good positionning
commands the hole dimension. As it has been

Introduction reported previously (6), the potential drilling
speed of such a kind of laser reaches 100 to 1000

Electrical connections through a wafer are holes per second, considering approximately 10
becoming a new way to solve interconnection milliseconds to drill one hole. Many perfectly
problems in integrated circuit designs. T.H.C. so positionned holes are needed. This commands tha
called "Through Hole Connections" or use of x-y table to displace the wafer under tE
intraconnections have already been proposed in laser beam with high speeds (200 nin/s) and high
many applications and technological devices such acceleration (lim/s

2
). Consequently the throughput

as : is determined by a holes network and at the same
- AsGa FET's designed for low impedance time is limited by time displacement.
contacts (1)

- Low resistance connection to ground in hy Principal sources of damage to a wafer
brid microwave thin film circuits (2) undergoing laser drilling are :

- CMOS/SOS technology (3) - External ; condensed silicon drops around
holes (7).

However, T.H.C can also be ipplied in silicon - Internal ; SiOxNy debris on the inner sur
technology . In a double-sioed technological faces of holes.
approach, it could provide for instance, the External and internal damages are easily removed
interconnection levels requested by designers in in a ;ilicon etchant by enlarging the diameter
Wafer Scale Integration (Fig 1). It is even a way hole. This treatment i',rToves the flatness and
to realize stacked 3-D structures through chip or smoothnass which of the inner surface permitting
wafer assembly technology (Fig 2). In the same proper growth of thermal Si02  insulator and
approach, it can be used to couple integrated cir- constant metal layer thickness on inner surface
cuits with magnetic or optoelectronic devices(4). holes (Fig 5).

In focusing our research on direct use of the In fact , holes are not perfectly cylin-
process we used the following requirements drical. In a cone-shaped hole approximation (Fig

- Realization of through silicon wafer 6), theoretical resistance can be calculated with
connections the following formula : L

- Compatibility of our process with R - - -
microelectronic technolcgy and equipment e 02-D! B,

- Good yield and reproductibility of each Figure (71 shows a plot of 1200 T.H.C
step of the process resistance measurements. In our investigations, we

focused on resistance value of i ohm. However
In this paper, we will describe the whole according to the above formula, resistance value

T.H.C fabrication process, namely : laser-drilling of 0.1 Ohm can be obtained with the same process.
parameters, insulator growth, metallization of Assuming a perfect filling of holes with a
holes , filling and encapsulation. Electrical conductor, it can further be lowered some nihm.
testing results and yield measurements will also
be presented. Conclusions

Experimental and Results A through hole metallization process using
laser drilling has been developped. An important

In previous studies several ways to realize part of the process is the control of laser
the hole have been analyzed : chemical anisotropic parameters. Electrical testing indicates a process
etching, dry etching, ultrasonic drilling and yield of 96%. This excellent yield can still be
laser drilling. Among all of these techniques improved.
laser drilling was chosen to permit : In addition to our current research we are further

- Good precision on hole positionning that analyzing the THC process in respect to complete
allows double-sided alignement devices in our laboratory.

- High aspect ratio diameter versus depth
hole References

- High drilling speed (about 10 hole/s).
1. C.B. Cooper III and al. J.E.S. vol 134 n10

A new laser-drilling machine has been 2. R.T Thomson, B.W. Whitacker 32nd Electric
specially designed hy Microcontrole (located In Components Conf. San Diego Proc. 82
Evry, France) to achieve the above requirements. 3. T.R Anthony J. Appl. Phys.52 (8) August 1981
This machine is also compatible with the 4. Y. Akasaka and al. Solid State Techn.
standardized microelectronic equipment. February 1988

5. T.R. Anthony J. App). Phys. 51 (2) February
The laser we have used to drill wafers is a 1982

commercially available Nd-YAG Q-swithed laser 6. T.R. Anthony IEEE Trans On CMHT Vol. CMHT-5
delivering 10 watt output in a continuous wave no 1 March 1982

7. 0. Gevrey an al Journal de Physique. Colloque
C7. Suppl. au no 12. Tome 48 December 1987.
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1 T.H.C, in double sided technological approach
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Abstract No. 248

Contact Resistance: A Review of Recent of p using simple test structures and one-

Developments in Measurement dimefsional analytical expressions. 1Susequent
and Modeling experimental and 2-0 simulation work , clearly

Stan Swirhun, Honeywell SSPL, 10701 Lyndale Avenue showed that this technique was unreliable for low p
MN 55420 values. By using numerical simulations it was showRBloomington, unambiguously that by employing data from an array of

Introduction: test structures with systematically varied contact or

As semiconductor device dimensions shrink both overlap dimensions, accurate pc values could be

vertically and laterally, device currents and current extracted although the parasitic resistance effects

densities increase. If metal to semiconductor may dominate. A set of generalized curves uniquelto

contact area is also scaled, contact resistance also the test structures to be used has been presented to

increases, and with it the deleterious effects of assist in this extraction. Fig. 2 illustrates such a

contact potential drops. As a result, the proper and family of curves to allow extraction of pc using

accurate measurement of contact resistance and the measured resistances Rk from CBKR test structures.

physical parameter specific contact resistivity p Recently, approximate analytical solutions for the

and the characterization of the dependence of contact most common CBKR test structures now exist.Theory and modeling of p
resistivity on doping density, metal type temperature The ohmic metal-semiconductor conta t is usually

there has been a great dealof interes t . neoently, modeled as a highly doped Schottky diode. In thisof ieet 'l in proper techniques for
extraction of specific contact resistivity p , from model, the specific contact resistivity is due to the

contact resistance measurements of planar teit effects of a potential barrier of height o

structures. Here, this recent work on modeling and (considered independent of doping) limitin the

extracting specific contact resistivity will be current transport. Complote theories of contact

reviewed, the key experimental and theoretical resistivity based on the Schottky model date from

results concerning modeling p will be discussed and 1969. Carrier transport is modeled as a combination

areas of where further investigation is required will of thermionic emmission over the barrier - favored in

be highlighted. The discussion will focus primarily lightly doped semiconductors, low barriers and at

on ohmic contacts to Si. high temperatures - and tunneling through the barrier

Proper Extraction of p . favored In heavily doped semiconductors. A wide

p is defined as the incremental resistance of an assortment of other assumption garnishes the basic

iffinitely small area of the metal to semiconductor theory including image force barrier lowering,

interface passing a small, uniform current density. effective mass changes with dgping and temperature
Contact resistance, on the other hand is a measured and quantum interface dipoles . Other well
macrscopic quantity that depends on pc' but also on established physical effects such as band-gap

the contact size, semiconductor sheet resistance, and narrowing have never been considered, however.

the contact geometry. p is the single measurement Little solid experimental data of p (Nd,NaT) has

independent parameter thit describes the quality of been presented to validate any modei, and much of the

the interface and for this reason it is the proper data that has been presented is suspect because

focus of study and optimization. Devices and test accurate methods may not have been used 18 extract
structures have a contact resistance component that pc. The most quoted datjsof0 ihjgg et a12  fits
is dependent on the exact current flow. Consequently, available theory for p ohm-cm bat these

extracting p from a measured contact resistance is p values are just barily ohmic. Modern devices

not straighfirward because the complications of non- riquire p <10 and this is the range in which
uniformicurrent flow in the semiconductor must be p (Nd,Nai) must be tested. This is a difficult task

modeled . Parasitic resistance contributions due to since the state of the semiconductor surface at the
spreading resistance, current crowding at the contact time of metal deposition is critical in determining
edges and test structure collars must be removed in the quality of the contact, and technology to control
order to accurately extract low p valuej fjom the quality of the interface is much more advanced

measurld contact resistances. Boih bulk and now.
planar test structures commonly are used to extract Fig. 3 plots the experimentally determined pc
p The three most common test structures - the dependence on donor concentration for PtSi and W

c~oss-bridge Kelvin resistor (CBKR) the contact end contact to n+ Si. Also plotted are predictions of

resistor (CER) and the tranmission line tap resistor the dependence of contact resistance on doping

(TLTR) are discuosed density made using the most common theory. The
passed betweenconeesein []. For each, current is theoretical predictions grossly understimate p
passed between one semiconductor and one metal arm unless image force barrier lowering is exclude

8 
fromand the voltage is measured between the other two the model; in this case the fit is adequate for both

arms. The measured contact resistance is V/I. w and PtSi contact. This approach also allows better
Differences arise because each structure measures the fittjyg 2 f the best of the other available p (Nd)
voltage at a different position of the contact and data although it is difficult to Justif9
R Rand R are in general different - even theoretically. More experimental and theoretical
fGI'1denfically lzed, identically fabricated work is required.
contacts. Fig. I illustrates this graphically. The Fig. 4 plo j predictions of the temperature
normalized end resistance R measured on a series of dependence of p contact to n-type <100> Si with
adjacent test structures with identical 5 micron barrier height an+doping as parameters.
square contact sizes varies by 2 orders of magnitude Experimental data (normalized to its value at 305K)
depending on the width W of the n+ Si bar it In Fig. 5 poorly replicates the strong theoretically
contacts. Exact two-dimensional simulations of the predicted temperature dependence. The T dependence
test structure accurately models this strong of measured p is much weaker than predicted. The
dependence with a single low p value. Fig. I lack of agreekent with theoretical predictions points
illustrates two other Importani points on which a out that there is a great deal of room for
consensus has been reached: t) the severity of the Improvement In our understanding ohmic contacts.
parasitic resistance effect increases with increasing
semiconductor sheet resistance and contact overlap.
11) ignoring the parasitic effect will always cause References*
overestimation of the contact resistance. (1) W. M. Loh, et al., IEEE TED, Vol. ED-34, no.
The recently very active discussion in the published 3, pp. 512-524, Mar. 1987.
literature concerning the pgopey extraction of # was (2) A. Scorzoni, et al., IEEE TED, Vol. ED-34,
initially sparked by claims of accurate extraction no. 3, pp. 525-532, Mar. 1987.
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Ahstract No. 249

(F32TS OF IRY ETHNG ON SHALLOW TITANII of the contact resistance sasurimnt, both SJC
SILICIDE C10NTrC etch and VC etch condition assure the same order of

low contact resistance: <20 ohm/contact for n+ and
H.F. Tseng, S.W. Chang, W.D. Su and N.W. Wu <50 ohm/contact for p+. (1.2*1.2 u=

2  
contact

area).
Semiconductor Process Development Department

Electronics Research and Service Organization *M device structures such as the lightly
ITRI, Hsin-Chu, Taiwan, R.O.C. doped drain (LD) and the double diffused drain

(DDD) have been proposed for the reduction of
hot-carrier degradation and acceptable short-

The shrinkage of lateral dimensions of VLSI channel characteristics in VIZI technology. Fig.1
circuits towards the submicron range requires and Fig.2 also illustrate the LDD (phosphorus, 30
shallow source and drain junctions in order to keV, 3E*13) and D) (phosphorus, 50 keV, 5E+13)
minimize short-channel effects in devices. structures cmbined with shallow n Junctions.
Titanium silicide has attracted such attention as After total thermal cycle, the n junction depths
ohmic contacts, because of its ability to reduce were about 0.22 um and 0.24 um for LD0 and DD
interfacial oxides and its high conductivity [I], structures respectively. Apparently, the yields
to reduce the inherently high resistance of shallow are improved to approximtely 100 percent for
junction depth and small contact area. wafers included LDZ or DO structure which is mucn

better than that of traditional shallow junction
Reactive ion etching (RIE) provides the highly structure, even using VC etch condition. Fig.3 and

anisotropic etching capabilities and has been Fig.4 show the leakage current as a function of
widely used in contact opening of VLSI circuits, reverse bi" . For all experimental conditions, the
However, dry etching can produce residue polymer breakdown voltages are above 17 V and 20 V for n+
layer on the surface of contact area (2] and has to and p, junctions respectively.
be removed by additional Ar ion bmardment step in The effect of Ti thickness on junction leakage
RIE process. Except for inducing a lattice damage are also shown in Fig.) and Fig.2. The unacceptable
layer (31, the polymer removal step can etch leakage yields were obtained for 650 A Ti, especial
silicon at contact area. This phenomenon not only for p+ Junction, even with well-controlled SJC etch
decreases the junction depth of source/drain region condition. For n+ junction, due to the fact that
but also lowers the impurity concentration, and the thickness of titanium silicide formed on n+
therefore affects the performance of shallow diodes was less than that on p+ diodes, this limit
junction devices. It has been discussed elsewhere to usable Ti thickness is not so clear as p+
that the metal-silicon r,'action consumes silicon at junction and can be relaxed by accompanied LDD or
the junction region to form titanium silicide which DOD structure. Note that for thinner initial Ti
could be associated with both contact resistivity thickness, 400 A, well-controlled contact etching
and junction leakage problem [4]. In order to is still needed to preserve low leakage current and
achieve low contact resistivity and prevent high junction yield.
junction leakage problem, it is important to pay
attention to control the processing time of RIE for
contact opening. l I

I- this paper, a contact metallurgy employing a 1. CY. Ting and M. Wittmer, Thin Solid Film.,
titanium silicid. 

2
,yer in contact regions and a 6, 327 (1982)

Ti-W alloy of composition Tio.3Wo.7 as a 2. J.H. Ths Il, X.C. Mu aid S.J. Formah,
barrier material has been evaluated for use with Extended Abstracts of the 171st Meeting of
shallow junctions and AI-Si metallization. n+ and the Electrochemical Society, Abstract nz, 252
p+ junctions are formed by implanting As and BF2 (1987)
into silicon substrate. Determined by SUPREM II 3. X.C. Mu and S.J. Fonash, IEEE Electron Device
simulation and SHP technique, the junction depth Lett., 6, 410 (1985)
about 0.15 um for n* and 0.25 um for p+ are 4. T. Brat, C.M. Caburn, D. Sharma, W-K. Chu,
achieved. Titanium films are sputter deposited and N.. Parikh. f. Griffis and S. Liu, Extended
then reacted with the implanteo silicon region by Abstracta of the 171st Meeting uf the EleW -
two-step annealing and a self-registered process to chemical Society, Abstract no. 185 (1987)
form the low resistivity TiSi2 phase. After
Ti-silicidation, the remaining junction depths,
about 0.1 us for both n+ and p+ region, are
estimated by SHP data. The Auger depth profile
indicates that the composition of Ti-silicide layer
on p4 region is more uniform in thickness than that
on n+ region. The semi-quantitative atomic ratio
is Ti:Si:N - 17:88:10 for Ti-silicide film formed
on either p4 region or bare silicon substrates.

Fig.l and Fig.2 show the effect of different
contact etching time on leakage yield. The reverse
leakage current of finger shape diodes of area
74100 uM

2 
and perimeter 10920 um was measured at

the reverse bias of 7.5 volts. Diodes with leakage
currents greater than 100 pA were defined as
failures, It is obviously that, for both n+ and p+
junction contacts, the yield of well-controlled
etching condition (SJC etch) is better than that of
lorger-time etching condition (VC etch). In case



o -e

Fig.1 Yield of n+/p diodes versus pr~ocess Fig.3 n /p junction leakage current as a

conditions including different jiunction function of reverse bias for LDD, DDW and

structure (shallow Junction -SJC, with LDD, traditionl shallow junction contact

with DDID), contact etching (well ccntml'led] structures.

-SJC etch, loner etching time -VC etch) and

initial Ti thickns (400 A, 650 A)

14$4o

on zi tO 4 44 I 54 '4,

Fi.2 Yield of p /n diodes vernus process Fig.4 p+/n jmction leakage current as a

coditioms for the snme dfers as described in function of reverse bias for the saw wafers

Fig. et described in t eigt2
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INERT SPUTTERED TITANIUM NITRIDE FILMS FOR 5 x 100 dynes/cm 
2
, depending strongly o tie

ULSI CONTACT TECHNOLOGY TIN film sputtering conditrions [10on Th

performance of TiN fiims as a diffusIoD

T. Brat , C.S. Wei D 0.B. Fraser , and barrier wan studied with Auger e lectr.-
J .spectrometry. Processed CMOS device wafers

.Poole with contact chains and diode structures were
used to evaluate j unct ion integrity und

Varian Specialty Metals Division specific contact reia st i vity of toe

3515 Grove City Road, Grove City, OH 43123 m etal ii cat ions Al/TiN/Si ( r0 and

Components Research, Intel Corporation, +
Santa Clara, Ca 95052 AV/TiN/TiSi 2 /Si(100) on N and P junctio.

regions. The structures were annealed at

Nigh yiclu, low resistance contacts are 460-C for 30 min., in H 2 atmosphere. Tn'

essential for future ULSI technology, These specific contact resistIvity results ar
contacts must also provide a diffusIon shown in Table I. They indicate that tht
harrier film to prevent metal reaction and presence of a TiSi 2  layer between the TiN
penetration of the underlying junctions [). film and the SI(100) substrate lowers one
It is important for the contacts to withstand order of magnitude the specific contact
tne extended thermal cycles introduced by the resistivity of the P- contact struct are,
mn ltilevel metallization process, without affecting the results on the N-

contact.
Titanium nitride (TiN) is one of the

most promising diffusion barrier materials
for semiconductor contact metal 1zations ACKNOWLEDOC EFNT
because of its thermodynamic stability 12],
ow diffuslvity, and high conductivity. Three The authors would like to thani John
maIn techniques are currently used to produce Muller and the technical staff of Varlan SM:

TiN films: reactive evaporation [3], reactive for their collaboration in the target
sputtering a Ti fi Im in a n Itrogen rich fabrication, Our thanks to K. Palmer for help
amtient '4-61, and furnace annealing [7] or in the film deposIt ion, and Dr. C E.
rapid thermal nitridation of a Ti film in a Wickersham for project support.
N, r NH 3  ambient [8). The properties of the

TiN films strongl y depend on the actual
growth conditions, and consequently on the REFERENCES
processing parameters.

[1 C.M. Osburn and A. Reisman,.J. of
This work reports the physi cal Electronic Materials, 16, 223 (19B7

p e r t i e , di f fusion parr i e r [2 MA. Nicolet. Thin Solid Films, 52,
cmrnct criotlsc, and electrical behavior of (1978).
TiN films sputter depor ited from novel TiN
targets, 99.5% and 99.99% nominal purity, In [3] C.Y. Ting. J. Va. SCi. Technol., 21, 4

aTM (1982).
Saarian 3280 cassette-to-cassette [4] M. Wittmer. J.. Var. Sri. Technol., A3,

sputtering machine. 50-200 nm thickness films 1797 11985).
were deposited in a dc-magnetron mode with a [5 S. Kanamori, Thin Solid Films, 136, 195

base pressure of 2 x 10
- 7  

Torr and a backfill (1986).
pressure of hIgh puri ty argon gas of 7 x [6] JJ. Stimmell , J. Vac. Srl. Technol., B ,

-3 1377 (1986)
1 O) Torr . Some film depositions were [7] 8. Kaneko, v Koyanagl, S. Shimizu, Y.
Performed on substrates with temperatures Kubota, and S. gishino, IEEE Trans.
ranging from room temperature to 410oC. Electron Dev., 33, 1702 l1986).

Figure I shows the variation of [8] T. Okamoto, K. Tsukamoto, M. Shimizu, Y.

deposition rate and reslstlity of TiN films MaShiko, and T. Matmukawa, in Symposlar
on VLSI Technology, 198b, p. 51.

deposited on 1(100) as a function of the [] T. Brat, N. Pari kh, N.S Tsal AK.
sputtering power and substrate deposition Sinha, . Poole and C.E. Wickersham, .
temperature. The deposition rate for an input Var. sci. Technol., B (6)F 1 (1997,.
power, Of 3 KW in 2.7 nm/sec, the films [10) T. Rrat , N.. Tsai, N. Parikh, C.E.

reaching a resistivity value of about 55 vi- WI ckersham , and A. K. Si nha 1 72th
Cm. Hlgh rates of deposition on hot Si)( OO) Electrochemlcal Society Meeting, Ext.
substrates produce films with a resistivity Abstract No 689, Vol. 87-2. 976 (198-).
al low .a u al-cm.

Rutherford backSCattering spectr-metry
R85) performed on films deposited on
ano'phous carbon substrates Indicates the
preronce of Ti, N, and 0 as prIncipal
c:)mpon,,nts of the films, as shown in Figure
,, whiIe A r is not detected. X-ray

photor-Ietron spectroscopy (XPS) drpth
profies of thl .deposited films indicate that
TI and N are presen .. compound form
t1ro, ,giu t, ne thIckness fr the films [9].

T-. stress m-asurod on TIN/SI 1SI( 100)

a~~i*P"a-..a il 'nriovc, ra.ngVi ng bet ween 1-
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PLANARIZED CONTACT PROCESS FOR SUBMICRON VLSI the first step of the etch back process to etch the photoresist and

DEVICES USING RESIST ETCH BACK OF the tungsten films with a one to one selectivity. The resultant film

CVD TUNGSTEN etch rate was approximately 5000A/min with a etch uniformity
of +6%. The end point trace was monitored by the optical

D. LIAO, L. PATTERSON, S. SIVARAM AND K. SUH emission line of fluorine (704 nm) and triggered at the interface
between tungsten and the glue layer. Chlorine was added in the

SUBMICRON TECHNOLOGY DEVELOPMENT, INTEL second step along with SF6 and 02to prevent undercutting at the

CORPORATION contact edges during the over etci cycle. The final step in the

C RR CA. 95052- etchback process was etch-residue removal from the glass surface
SANTA CLARA, CAusing a 50:1 HF dip for 60 seconds.

INTRODUCTION RESULTS AND DISCUSSION

Lack of planarity in VLSI circuits results in poor step coverage of a. Etch related undercutting:

metallic interconnects. Severity in topography can also cause
electromigration problems, metal stringers during etching, depth of When contacts were etched with the photoresist etch back process,

focus problems in lithography and incompatibility with multilayer it was found that the edges of the contacts were etching faster
melallication.,It this paper we demonstrate a planaricaion scheme compared to the center, which was protected by the photoresist.

metlliatin. ii hispapr w deonsrat a lanriztio sceme This accelerated etching of the contact edge has been termed
using LPCVD tungsten to fill submicron contacts. CVD tungsten Tund ertinge.cFi o he a more seenerti
exhibits good step coverage in high aspect ratio pores and the use 'undercutting'. Films on WSix showed a more severe undercutting

of asacifiialresst aye durng tchackpreent puch- problem compared to films on Ti. The proposed hypothesis links

of a sacrificial resist layer during etchback prevents punch- the extreme stress concentration in the portion of the film closer
through of the centers of the contacts. Such a contact metallurgy to the substrate to stress enhanced etching (1). At the vertical
also resutts in excellent device characteristics, wall of the contact edge, a cross section of the film is exposed to

EXPERIMENTAL etching. Stress enhanced etching results in different etch rates
across this cross section, with the edge etching faster than the

Wafers for tungsten filling were fabricated on p-type Si substrates center. The result of this differential etching is notching of the

using conventional isolation and gate formation. Submicron contact edge.

lithography was used in defining the layer patterns. Splits were It was found that adding an anisotropic component to the etch,
introduced after contact etch, with control wafers proceeding which is less sensitive to substrate mechanical characteristics,
without the tungsten planarization and all other wafers going alleviated undercutting. Hence chlorine was added to the overetch
through CVD tungsten deposition and etch back, described in the cycle along with SF and 0 Figure I shows a planarized
following sections. All wafers then received aluminum-silicon cengs ith SF6 and 0 , Fig hs a pnced
metallization, patterning and metal etch. tungsten filled contact after etciback, using this two step scheme.

b. Electrical characteristics of contacts after etchback with the two
Tungsten deposition was carried out in a commercially available

cold wall CVD system (Genus 8402). The tungsten deposition step process:

conditions were as follows: temperature: 450
0

C, pressure: 200 We compared the electrical characteristics of the tungsten filled
mTorr, H2 : 2500 sccm, Sil 4 : 180 sccm and WF6: 500 sccm. The wafers, with the control split with no tungsten in the contact
deposition rate was approximately 1600A/min and the film metallurgy (Ti/Al-Si on Si). Nw contact resistance was measured
uniformity on a 10 mm wafer was better than 5%, 3 sigma. As
stress level in these tungsten films was extremely high, on single contact Kelvin test structures where the contact size was
spontaneous delamination was observed when the film was 1.0x0.0 um. Tungsten wafers on the titanium underlayer and theno n-tungsten s.~sfers typic~ally eshibited similar contact resistances

deposited directly on either Si or oxide, In order to promote of 1.2 - 2n 0 ohms/cma. Tungsten wafers on WSi5 showed one

adhesion, 'glue' layers had to be deposited on the patterned

substrates prior to tungsten deposition. Two types of adhesion to two orders of magnitude higher contact resistance. This result

layers were studied: a. in situ deposited layer of WSix and b. can be explained by the inability of WSix to reduce the more

sputtered layer of Ti. In both cases the underlayer was 1000A stable native oxide of Si in the contacts. Even though the wafers

thick. were dipped in buffered HF immediately prior to CVD deposition,
there is still a sufficiently thick native oxide in the contact,

Blanket CVD tungsten etchback was performed in a single wafer especially before the stars of the deposition, when the wafer is at

etcher with the top electrode powered. A sacrificial resist layer 4500C, in a relatively poor vacuum. Because of the poor contact

approximately 5500A thick was spun on the wafers prior to etch resistance characteristics of the WSiA, further discussion of

back. An SF6 and 02 chemistry (33% 02 in SF6 ) was used in electrical results is confined to the titanium underlayer.

I S
i~~~~6 iiniill l l



A reverse bias n junction I-V plot for tungsten filled contacts is
shown in figure 2 . The plot exhibits no low level leakage and
shows a breakdown voltage of 10 volts. The cumulative probability I03

plot of junction breakdown shown in figure 3 illustrates the
tight distribution of failures. Tungsten wafers with titanium
underlayer show a slightly better breakdown characteristic
compared to the silicide underlayer. It is thus seen that the
planarized tungsten fill process gives acceptable process and device
characteristics when it is deposited on a titanium underlayer.

CONCLUSIONS

We have shown the feasibility of developing a completely
planarized contact metallurgy, using the resist etch back of CVD
blanket tungsten. We have demonstrated the ability of the resist in IE-

protecting weak spots created by the deposition process in the
centers of contacts. We have tested this planarized process 20.00

electrically and have shown that tungsten filled contacts compare e an00 meV M
favorably with conventional contact metallurgy, while making the
overall structure less sensitive to topography related issues. Fig. 2 Reverse bias n junction I-V plot.

REFERENCE,

1. S. Sivaram. D. Liao, S. Chen, R. Shukla and D. Fraser, in
'Tungsten and other refractory metals for VLSI applications Il'.
Ed. V. Wells, MRS Pittsburgh, 1988, p

407
.

an - IKA T 15 0 S A W

80 -- CE ER

so w9 405
o(

130-

20 -I 10-

- I I I I I
,so ISO 17 &0 1n 0 200

Ps 5 0.7 OPT

Fig. 3 Cumulative probability plot of junction breakdown.

Fig. I A planarized tungsten filled contacts after etch back.
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iprocessing temperaturen the range 400-900 C. Tb.Rapid tnermal Annealing of Ti and TI-W contnat resIstivity ma also found to deteriorate

metalliasation on St slightly when the annealing temperature exceeded

800 C. The surface morphology was found to be
smooth at annealing tempertures in the range

T. S Malkur and Brian Mueller" 400-900 C. The contact oharacteriatics of RTA
annealed samp es were compared with furne and

Micro iwotro in os Research Laboratories. vacuum annealed sampies. The contact etallsaton

olec g ing structure was investigated with automatic X-ray
Uniearstmy Of leda ndffractometer and an attempt was made to correlateColorado at Colorado Springs. CO structural properties with electrical
80933~.,,11' characteristi es of the contacts.

,;e Solid State Electronics Center.
Iord prngs: CO 80933 Acknowledgement

apid Thermal annealing Is becoing in-ceasingly The authoro wish to thank Director of
por tant in the formation of refractice octal Microllectronics Laboratory for supporting this

%Ilicides on silicon[l-4). Among the various pro ect.
refractory metals. Tungsten and Titanium has
attracted the attention of many investigators. Mor e

recently, double layer or intermixed refractory References
metal layers wore investigated for use as oontacts.
interconnects or barrier layers. In this pper,. we [I) S. P. Murarka. S alinidew for VLSI Applications.
are reporting the results of direct silicdation of Academic Press, ne Yorh. (1983)
Titanium nnd co-deposited Titanium-Tungsten layers
by rapid thermal annealing. (2] C. D. Capio. D. S. williucs and P. P. f, ar-.J. Appi. Phys. Vol. 62. 1257 (1987)

The samples used for the investigation were n and

p-type wafers. The p type layer sas formed on n [3) C. S. Wel. J. Van Der Spiegel. M. Setton. J.
type wafers by implanting 9P

2  ions at a dose of Santiago. . Tanielian and S. Blackstone. MRS symp.
Proc.. vol. 52. 297. (1996)

3.10
15
/cm

2 
at energy 40 KeV and n type layer wan

formed on p type layers by implanting nitb Ions at 4] Y. H. Ku. S. K. Lee. E. Lout. D. K. S"'b and

the dose of 9.5 .xlin/cm
2 
at energy 40 KeV. The ion DL KnonEMfS symp. Proc.. vol.92. 155. (1987)

implantation damage was removed by annealng the
eaters in a furnace. Pnr none wsfers. Titaniue
layers of thickness b0O . were deposited by
electron beam enaporat"on. For the rest of the
wafers. Ti 80 2 0 

layer oi chicknesn 1200 A ere

deposited by eagnesron sputtering. Test pattern
for the measurement of contact resistivity and
sheet reoistivity were formed on these wfers by
standard photolithography and etching techniques. '.
The wafers were rapid thermally annealed in
nitrogen and argon amblento in AC..Associates
Reatpulse-410 syese, for teeperature ranges
between 400 C to 9C C and for various annealing " Ti-Si

times. For Ti-Silic system. the sheet resisivity-
of the metallisation layero started decreasing mith
Increase in the annealing temperature from 400 to "
900 C for a protossing time of 10 seconds
Sas shon in FigI). For a steady state
temperature of 900 C. she sheet reositvity non Ti!
found to be increasing with Increase in processIng o --
time. The contact resistivity an measured by -- -
circular Transmission line method eas mas also" -
found to be decreasing with imcrease In annealing
te:perature. The surface morphology of the RTA
annealed contents were found to be smooth even upto
an annealing temperature of 900 C. In the case of

TISOW
2 0 

metallisation system, the sheet resistivity

of she metallsatIon ioyer 'as found to be
increasing with Increase in anoealing temperature Fig.i Sheet resistance of Ti and TiW on Si no
abone 900 C (shown In Fig.1). This night be due to rapid thermal anneal tesperaturm.
the presence of traces of oxygen in the RTA
chamber. The extent of increase in sheet resistance
ems reduced by using long purge times after oading
ohe wafer. The current-voltage characteristics of
TisoW

2 0 cootacts with silicon were ohmic at RTA
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Extremely low resistance+and reliable AI-TIW-TiSI II. Experimental Results
contacts to n and p -Si for silicon VLI 2ac d smart power applications The experimental device structures consisted of a

variety of As, B, and P diffused regions formed on

<100> oriented silicon substrates. Contact patterns
K. Shenal, P. A. Piacente, S. Al-Marayati were defined by RIE etching 8 kA of densified LPCVD

R. Sale, and B. J. Baliga SiO About 2000A of TiSi was formed by rf sputter-
Ing

2
' OOOA Ti and then shiciding using two-step fur-

General Electric Company nace anneal (FA) or rapid thermal anneal (RTA) toCorporate Research and Development Center obtain a range of TiSi sheet resistances [23,24].Schenectady, New York 12301 About IOOA of TiW was ?hen sputter deposited on
TiSi . In some samples, the TiSi 2 surface was in situ

sputger etched prior to TiW deposition without break-
I. Introduction ing the vacuum. The metal patterning was defined by

wet etching 3 gm of rf sputtered Al + 1% Si or
For smart power applications, logic circuitry at

the VLSI complexity need to be interfaced with the Contact test structures to study Al-TIW and
high voltage integrated circuit technology [1-3[. TiW-TiSi interfacial resistances as well as
Smart power systems require low resistance and relia- AI-TiW-Ti52 -nSi contact resistances were fabricated.
ble contact and interconnect metallurgy to reduce the Extensive measurements of cross-bridge Kelvin resis-
on-resistance of the intrinsic device and to reduce tots were made to study the contact resistance, con-
the power dissipation and propagation delay of inter- tact linearity, and contact yield across 4 inchconnect lines. The contact and interconnect metallurgy diameter silicon wafers. Negligible changes in the
must be also compatible with the murtilayer metalluza- contact resistance and interface morphology were seen

tion technology for efficient integration and comuni- after sintering aluminum at 465 OC in forming gas.
cation among various components on the Contacts with sputter etched TiSi 2 had more than a

silicon chip. factor of 2 lower Kelvin resistance, R,, compared to
It is generally well known that aluminum based Alusil contacts on n-type silicon as shoown in Table I

where x corresponds to the dopant junction depthalloys are prone to hillock formation and eloctrome- obtaineA from spreading resistance analysis and Rgration related problems 14.51. This problem becomes is the silicon sheet resistance measured using t e
particularly severe for contacts with small features[67] Wenswtcin lrg vltge ad urens t four point probes, both prior to silicidation.[6,7]. When switching large voltages and currents at Detailed SIN, TEN, RBS, and Auger analyses showed a
high frequencies, electromigration, interelectrode le of t m REid at the inace betwe T
sparking, adhesion, and aluminum spiking can cause layer of titanium oxide at the interface between TIW
severe reliability problems. and TIi 29 for samples with no sputter etching of the

silicide surface prior to TIW deposition. RTA sill-

cide yielded slightly better contact resistance due to
Refractory metals and their silicides have been lower silicide sheet resistance, less dopant redistri-Refrctoy mealsandthei slicles hve een bution, and uniform silicide film with smoother sill-

shown to provide low sheet resistances when deposited bdeisurface uter eche ill ctasm to p-typ
on bth olyilion nd ingl crsta siico [89] tide surface. Sputter etche d TiSi 9 contacts to p-type

on both polysilicon and single crystal silicon [8,9]. silicon had comparable Kelvin contact resistance to
In addition to providing low contact resistances to that of Alusil contacts.
gate, drain and source electrodes, significant impro-
vements in the gate propagation delay [10], gate power
consumption 111, and device reliability can result by References
using highly conductive refractory silicides. For low
loss, high speed interconnects between devices and [i] B. J. Baliga, IEEE Trans. ED-33, p. 1936, 1986.
external environments, efficient multilayered metal- (21 M. F. Chang, et al. rEEE Trans. ED-33, p. 1992,
lizations are required with silicide technology 1986.
[12,13]. Recently, low resistance contacts to n -Si [3] G. Thomas, et al, IEEE Trans. ED-33, p. 2016,
have been reported based on improved Al-TiW-TiSi2 con- 1986.
tact metallurgy [14]. Simultaneous low resistance con- [4] P. B. Ghate. in Proc. Int. Reliability Physics,
tacts to both n- and p-type silicon are required in p. 292, 1982.
bipolar mode power devices [15-17], power MOSFET's [51 R. N. Hall, et al, in Proc. Workshop on Tungsten
[18,19], and CMOS and bipolar devices for silicon VLSI and Other Refractory Metals for VLSI Applica-
applications [20). tlions, Material Research Society, Pittsburgh,

PA, p. 231. 1987.In this investigation, we report on the fabrica- [6] M. H. Woods, in Int. Reliability Physics Symp.
tion, characterization, and modeling of extremely low Tutorials, p. 6, 1984.
r~sistance and reliable TiSi2 contacts to both n and [71 D. S. Gardner, et al, IEEE Trans. ED-34, p. 633,
p -Si for silicon VLSI, smart power, and multilevel 1987.
metallization applications. These low resistance con- [8) D.M. Brown, et al, Solid State Electron. ii, p.
tacts resulted from careful optimization of silicon 1105, 1968.
and TiSi 2 sheet resistances, and in situ sputter [9] S. P. Murarka, Silicides for VLSI Applications,
etching of the silicide surface prior to TiW deposi- Academic Press, 1983.
tion to reduce the interfacial contact resistancT. The [101 H. C. Lin, et al, IEEE Trans. ED-22, p. 255,
specific contact resistivity (p ) obtained for n all- 1975.
icon is nearly an order of8magniude smaller than that 11] G. M. Dolny, et al, in Proc. High Frequency
of Al +( i.e., p < 5x10" 0-cm ), and that of TiSi Power Conversion, p. 149, 1986.
to p silics? i) comparable to Ai [12] W. E. Engeler, and D. M. Brown, IEEE Trans. ED-
( i.e., p < xlO 0-cm ). These results represent 19, p. 54, 1972.
the best ever reported specific contact resistivities [13] A. K. Sinha, in Proc. First Int. Symp. VLSI Sri.
to either n- or p-type silicon with TiSi 2 contact and Technol., p. 173, 1982.
interconnect metallurgy (21,221. [141 K. Shensi. et al, presented at the First Int.
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Table I. Contact data at 300K for 5 micron dry etched square contacts.

CONTACT xj RSH RK

DOPANT METALLURGY (Am) (0/0) (1)

P Alusll 0.9 12.5 6.0

As Alusil 0.3 41 12

B Alusil 5.8 4.6 2.2

P AI-TiW-TiSi 0.9 12.5 2.8

As Al-TiW-TiSi
2  

0.3 41 4.9

B A1-TiW-TiSi 2  5.8 4.6 3.0
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PLANARIZATION PROCESSES FOR 
other schemes depend on "hole filling";

MULTILEVEL METALLIZATION 
these include selective cVD tungsten and

Geraldine Cogin Schwartz 
electroless nickel deposition only in the

IBM East Fishkill, Route 52 holes. When the holes are of different

Hopewell Junction, NY 12533 depths, some will be over-filled and the

excess metal must be removed. A layer of

The efficiency of wiring densely packed metal is then deposited on the planar

chips is improved significantly by the use surface and the next conductor level

of multiple wiring planes. 
formed.

As each successive layer of a multilevel This paper presents and discusses the

metal/insulator structure is built, the details of these processes. They are often

topography, introduced at the contact hole complex and, therefore, time-consuming and

level, worsens. Severe topography causes expensive. Effort is being expended to

problems in lithography and in step simplify the processes; therefore greater

coverage by the deposited films. A planar use of multilevel metallization can be

structure is desirable, but difficult to expected.

realize. Several approaches have been

used; some mitigate the effects of severe

topography, others attempt to achieve

complete planarization.

Processes have been developed to smooth an

inorganic insulator so that it is easier to

cover adequately by the next metal layer.

These include: flowage of P- or P/B-doped

oxides at high temperatures; "spacer

technology"; bias PECVD deposition;

deposition/etch cycles; and blanket dry

etching a deposited insulator.

Polyimides have been used as the interlevel

dielectric, replacing inorganic insulators,
to planarize the structure partially and to

smooth underlaying steep steps.

Among the early planarization processes was

the fabrication of embedded structures;

this approach is still pursued.

Deposition processes, which result in a

planarized dielectric layer, include: bias

sputtering; bias electron cyclotron

resonance plasma deposition; and a sequence

of deposition/etch cycles.

There is also a vast variety of "etch-back"
procedures for planarizing a deposited
insulator; they use several kinds of

sacrificial layers or masking schemes.

More recently, planarization of metal films

has been accomplished. In some of the

techniques, the via holes in the interlevel
insulator can be filled, without voids,

while providing a planarized blanket metal

film for subsequent patterning. Examples

include: bias sputtering; enhanced surface

diffusion during sputtering by the use of

heat and bias; "flowage bias sputtering";

and sequential evaporation/sputter etch

cycles. Via filling by partially ionized

beam deposition, followed by deposition at

a higher temperature, was used to form a

planar aluminum layer. Another technique

is deposition of a metal film over the via

holes by standard methods and filling the

holes by melting the metal briefly by

exposure to laser pulses.
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Isoplanar Metaiiization Processes flow, the bottom of the trench is also dielectric film;
otherwise, the signals on one metal line will disturb the

PL . Pai, M. Paunovic, C.H. Ting signals on the other. Depositing metal film selectively

Components Research into the trenches requires some modification of the
Infel Corporation

2250 Mission College Blvd. dielectric surface at the bottom of the etched trench.
Santa Clara, California A self-aligned lift-off process(LOPED)[6] can

deposit a thin catalytic film into the trench, then the
desired metal film can be deposited selectively on this

The advances in VLSI technologies have increased film. Ti has been used in one example as the catalytic
significantly the device counts per chip. As a result, film, and the result is a planar surface with conductor
single layer of conductor is no longer adequate and buried in dielectric(Fig.2). Other approaches to deposit
multilevel interconnection is widely practiced today. a catalytic film on the dielectric surface at the bottom of
One of -he major limiting factors in the further trenches will also be addressed. After the catalytic
advancement of interconnection technology is the material is deposited, an electroless deposition process
topography generated by each process step. The high can deposit the desired conductive film.
resolution lithography demands a more planar surface, The conductor system must also have good electri-
and the step coverage of deposited thin film also suffers cal properties. The metal patterns in VLSI circuits are
from topography. As the number of conductor layers typically long and narrow. As a result, the resistivity of
increases, these prublems become more severe and have the conductive film should be low and the electromigra-
a detrimental effects on the improvement of VLSI tech- tion resistance should be high. The two most promising
nology. A truly planar metallization process is there- candidates are Cu and Au due to their good conduc-
fore needed. tivity. The resistivity of Cu is 1.6gohm-cm and that of

For each conductor layer, there are two main corn- Au is 2.35gohm-cm. Both Cu and Au are believed to
ponents: the conductive films to form signal lines and have high electromigration resistance.
the dielectric films to isolate these signal or power Reference
lines. If the metal film is deposited and patterned [1] A.N. Saxena, D. Pramanik, Solid State Technology.
before the dielectric film, as in conventional metalliza- p.95, 1986.
tion processes, an additional planarization process is [2] A.L. Wu, Abstract #355, ECS Fail Meeting, San
needed to smooth the topography[l]. For the planariza- Diego, CA, Oct. 1986.
tion techniques available today, there is no global [3] D.C. Thomas, S.S. Wong, IEEE IEDM, Los
planarization process except by mechanically lapping. Angels, CA, Dec. 1986.
Most planarization processes leave a smooth surface but [4] C.H. Ting, Abstract #512, ECS Fall Meeting,
can not reduce the step height over large patterns. A Honolulu, HI, Oct. 1987.
promising process to achieve truly planar surface is [51 P.L. Pai, W.G. Oldham, M. Paunovic, C.H. Ting,
"buried metal process", in which the metal film is depo- Abstract #481, ECS Fall Meeting, Honolulu, HI,

sited after the embedding dielectric is deposited and Oct. 1987.

atterned. [61 P.L. Pai, W.G. Oldham, IEEE Trans. on Semicon-
ductor Manufacturing, vol.1. No.l, p.3, Feb. 1988.

The buried metal process must fulfill two require-

ments: self-aligned metal patterning and good electrical
properties. No alignment method can align metal pat-
terns to the dielectric patterns exactly, and a self-aligned
method is needed. Examples of self-aligned patterning

rocess include lift-off[2] and selective deposition[3-5].
in this paper, we used electroless deposition process to

selectively deposit metal film into dielectric trenches.
The schematic of a self-aligned process is shown in
Fig.l. The embedding dielectric film is deposited and
patterned first(Fig.l(a)). Then an etching process
transfers the pattern into the dielectric(Fig.l(b)). The
desired metal film is selectively deposited only into the
trenches(Fig.l(c)). As can be seen from this process
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FRESIS
DIELECTRIC FILKI

ETCHING4

I I
I I

SFig.2 An example of buried metal film. A 0-.8gmCu film is deposited by electroless deposton

process into low-temperature CVD oxide film.
The surface is smoothed by coating a thin layer
of spin-on glass. The planarity of this process is
far better than most other processes.

DEPOSITION
I

Fig.1 The schematic of buried metal process. (a)
The embedding dielectric is deposited and pat-
temed first. (b) An etchingprocess transfers the
pattern into dielectric. (c) Te desired metal film
is deposited into the dielectric patterns only.
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Effect of Via Filli on the Via e filling (Fig.3). The step coverage does improve asResistance and Sura'e Topography the via are fil ed, with the steepest ificrease around 60%

filling. The electromigration performance in vias isPei-Lin Pai and Chiu H. Ting expected to improve with better step coverage, since
Components Research less current crowding is expected.

Intel Corporation
2250 Mission College Blvd. Another advantage of via-filling is that the aspect

Santa Clara, California ratios of surface topography in the top metal will
decrease. A high aspect ratio on the sinface makesSeveral processes have been proposed to fill hi h- subsequent rocessing more difficult, and also excludesaspect-ratio vias in VLSI technologies, including seec- the possibility of stacking one via over the other, afive CVD tungsten[1-31, blanket deposited tungsten with scheme that can save significant amount of chip areas.etch-back[4 via pillars or studs[5,6], and selective SAMPLE simulation program is again used to study the

electroless deposition[7,8]. In this paper, the advan- improvement of aspect ratios (Fig.). Since the deposi-tages ofvia-fling to improve elctrcal pro sand tion profiles do not change as the vias become shal-topography are studied by using SAMPLE simulation[9] lower, the minimum opening of the top metal does notprogram and experiments, decrease. As a result, the aspect ratio decreases slowly
Anyshould have low via rsis- as the depth of the via decreases. Once the via fillintance and high electromigation resistance. Via resis- reach 80%, the aspect ratio decreases to about "

tance is affecied by both the via filling material and the Further filling of vias can really help to smooth the
properties of the interface. The contribution from the remaining topography.
via matenal will be stud n this paper. The interface From these results it is concluded that the filling ofproperties will not be discussed. The electromigration via helps most at around 80% filling. A shallowerperformance will be addressed only in terms of topogra- deposition, e.g. 50%, will help the electrical properties,
phy. bu the advantages in topography is not significant.The shadowing effect from sputtering process
creates at the bottom of vias a thinner film than that of Reference
open areas. This may contribute significantly to via [1] 1. Beinglass, " Selective CVD Tungsten Depositionresistance if substantial thinning occurs. For a 1tem by - A New Technology for VLSI and Beyon,"1985lItm via of l ~r deep, the resistance contributed from Silicide Workshop, Material Research Soc., p.13the via material is (1985).

= p length = p(in p-cm)xl0' 2  [21 R.W. Stoll, R.H. Wilson, "Highly Selective High
area Rate Tungsten Deposto o is Film tllsin~

This is usually a small portion for smal vias (25% for Hot Platelleater," Proc. of the Sym. on Multilevela via filling process resulting in 2xll0-' -cm secific Metallization, Interconnection, and Contact Tech-
resistance If a 5pL-cm material is used.) If the thin- nology, Electrochemical Soc., Vol. 87-4,
ning in the vias increases this part significantly, the p.23(1987).
total via resistance will be affected. SAMPLE simula- [3] S.L. Lanny Ng, P. Merchant "Electrical Charac-tion program was used to study the effect of partially teristics of Via Structures Containing Selectivefilled vias on the step coverage in small vias. The vias CVD Tungsten Plugs," IEEE VLSI Mdnlevel later-
are assumed to be square in dimension for simplicity in connection Conf., p. f86(1987).calculation, the width is varied from 0.8prm to 1.5tm, [4] K. Shiozski, K. Miisuhashi, K. Ohitake, M. Koba,and the depth between L.01r and 0.6tm. The results "Low Resistive, Hgh Aspect Ratio Via-Hole Fil-
from this calculation can give an estimate of the ling System Completely Planarized by Selective Wimprovement we can expect from filling the vias. The Deposition and Subsequent Etch-Back," the 19th
calculated via resistance is normalized to a 100% filled Conf. on Solid State Devices and Materials, Tokyo,
vias in Fig.l thus the materials with different resistivity p. 435(1987).
used in via ling will not change the results. [5] E.R. Sirkin I A Blech " A Method of Forming

As clearly can be seen from Fig.l, the imprve- Contacts hetween Two Conducting Layers
ment in via resistance from filling the via is at best a S parated by a Dielectric," J. Electrochem. Soc.,factor of two for the smallest vias ( 0.8gsm b 0.grim, 13)(1), 123 c984).anid 1.0#m deep.) For the l.lirn cube vias, Zl' co [6 (,1 3Cbun .orm d- [6] M.T. Welch C Garcia " Pillar Interconnectionsbution rm the bulk via increases from 5d mt to 90 for VLSI technology," VLSI Multilevel Interconnec-mfil. However a word of caution is needed here, the tion Conf., 450, (1986).simulation program often results in a better step cover-
age than what we can actually get from exferiment [7] Y. Harada K. Fushimi, S. Madokoro, H. Sawai, S.Therefore, the improvement may be better than a factor Ushio, " he Characterization of Via-Filling Tech-
of 2 in reality. Another factor which is not taken into nology with Electroless Plating Method," J. Elec-
consideration is that significant contribution for high via trocinem. Soc., 133(11), 2428 (1986).
resistance may be due to poor interface, whose proper- [8] C.H. Ting, M. Paunovic, G. Chiu, "Selective Elec-ties are not directly related to the via filling material. troless Metal Deposition for Via Hole Fillin in

SAMPLE simulation program shows that the top VLSI Multilevel Interconnection Structure," ECSportion of the deposition profiles remains the same as Fall Meeting, Abstract # 514, Oct. 18-23 1987-mhe vias are filled (Fig.2). The lpm deep via generates and in "E-ectroless Deposition of Metals and
the worst deposition profile, with significant tlnning at Alloys," edited by M. Paunovic and I. Ohno, the
sidewalls and at the bottom of the vias. As the vias are Electrochemical Society, p.2 5 2(1988).
filled, the via depth becomes shallower, but the topora- [9] SAMPLE simulation program has been developedphy for upper deposition profiles remains essentially at the University of California at Berkeley on pro-
unchanged from that of unfilled via. From the deposi- cess modelling with Professor A.R. Neureuther andtion profiles shown in Fig.2, we know the thinnest part W.G. Oldham.
of metal film is always near the bottom of vias. There-
fore for partially filled vias the metal deposition
profiles are completed before reaching the thinnest
areas, then the step coverage should improve. The step
coverage defined as the ratio of the thinnest film thick-
ness to the thickness on a flat surface, is plotted against

11



-l0 im via

, 0.6lm via

Via depth (pm)

Fig.l The ratio of the via resistance of an un-fille via Fi2 Deposition profiles from SAM-

to that of a completely filled via with two depth, ,.0pn p" simulation program for partially
and 0.fam. filled and un-filled vias. The top me-

tal thickness is 1.01m and the via
depth is 1.0jim. The profiles from
top represent the metal film de it-
ed into a 100% filled, 80% led,
60% filled, 40% filled, 20% filled,
and unfilled via.

45

Fig.3 The step coverage of a L.0pn
0o metal film deposited into a partially

filled via.

20 702

Aspe t Ratio cot '.s tter MA z 1

Fig.4 IThl aspect ratio of a l.O..
metal fim deposited into a partially
filled via. ..
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A Non-Etchback SOG Process For Multilevel [4] P.L. Pai, A. Chetty, R. Roat, N. Cox and C.H.
Interconnect Technology Ting, J. Electrochem. Soc, 134 p.2829(19 87 ).

C.H. Ting, H.Y. Lin, P.L. Pai and T. Rucker [5] C.H. Ting, H.Y. Lin, P.L. Pai, W.G. Oldham, Proc
CompongeH.Ln ResParh aIEEE VLSI-Multilevel Interconnection Conf.,Components Research

Intel Corporation
2250 Mission College Blvd. Outgassing of Cured SOG

Santa Clara, CA 95052-8125 - _, , ,
(408) 765-9977

A planarized interlevel dielectric layer is needed for
multilevel interconnection used in VLSI circuits. Many
different methods have been developed to planarize the
interlevel dielectric layer for subsequent processing. Argon (After Sputter)
Recently, interlevel dielectric planarizing process based
on Spin-On-Glass(SOG) has been under intense study
because of its simplicity. Due to limitations in material -
properties, a partial SOG etchback process is usually > H20 (After Sputter)
usedl,2]. However, the etchback process not only
increases process complexity, it also limits the further
scaling to smaller geometries[3]. A non-etchback SOG
process is therefore highly desirable.

For a non-etchback SOG process, the SOG material H20 (After Cure)
must have good mechanical properties (i.e. non-cracking
) as well as good dielectric properties. Such a material
is available commercially. The material properties were
determined by stress measurements and FTIR measure- 0. 100. 200. 300. 400. 500. 600.
ments[4]. Furthermore, the outgassing properties of
SOG was determined in an UHV chamber ( 10- 9 Tort Temoerature (C)

). The cured S00 was found to have negligible out- Fig. I Temperature-programmed desorption of water

gassing up to 550C. This is illustrated in Fig. 1. How- from cured SOG films. Bottom trace shows no

ever, when this SOG material was used in conjunction water desorption after curing. The mid-trace shows

with an LTO dielectric layer in our standard device small amount of water desorption after one-hour

fabrication process, signs of severe outgassing were sputtering. For comparison, top trace shows the

observed. This results in poor and non-uniform metal amount of argon desorption after sputtering.

step coverage over the via hole. Under optical micro-
scope, the vias appear as dark circles.

The cause of this SOG outgassing problem was Si-OH
traced to process-material interactions rather than poor
properties of as cured SOG material. FTIR analysis
after plasma processing for via etching and resist
stripping indicates dramatically increased hydroxyl con-
tent, illustrated in Fig.2. By making some changes in a oxygen Plasma treatment
wafer processing conditions, such as adding a high
temperature annealing step after via hole etching and an --
in-situ sputter clean cycle before metal deposition, the -

outgassing problem can be eliminated. Smooth metal
step coverage over via holes and good via resistance
have been obtained using this non-etchback SOG pro-
cess. Details of material analysis, processing condi- , after annealing.
dons, and measured results will be presented. .. ... . .

Reference
IlI V.J. Multani, J. Chu, S. Mittel and J. Orton, Proc. Fig.2 FlIR spectra atter annealing and after 0 2

IEEE VLS1-Multilevel Interconnection Conf., plasma resist stripping process. The areas
p.474(1986). corresponding to hydroxyl groups at 940 cm- t

[21 S.K. Gupta, S.W. Kirtley and I. B. Vines, ibid. increase dramatically after the oxygen plasma treat-
p.506(1986). ment.

[31 R.M. Brewer and R.A. Gasser, ibid, p.376(1987).
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Chemical Vapor Deposition of Tungsten (CVD W) as vides any improvement in contact resistance, indicating

Submicron Interconnection and via-stud that nitridation is essential for contact resistance

improvement. The TiN can be formed by either nitrogen

Pei-lng Lee, John Cronin, Carter Kaanta or forming gas annealing of titanium. The lower con-

IBM General Technology Division tact resistance can be obtained by higher annealing

Essex Junction, Vermont 05452 temperatures. Figure 3 shows the relative nitrogen to
titanium ratio determined by Rutherford backscatter
spectroscopy (RBS). The ratio at various temperatures

EXTENDED ABSTRACT is normalized to the ratio at 850 C annealing temper-
ature. The nitrogen to titanium ratio increases as the

As circuit density increases in VLSI technology, the annealing temperature is increased.
limitations of conventional metallization techniques
become more nppar-t. In general, polysilicon based Solid phase interdiffusion thro contact harrier mate-
interconnects are limited by their high RC (resistance rials has long been a concern for contact

x capacitance) delay. While spcttcred and evaporated metallargiesl2i. However, this is probably not a con-

aluminum (Al) based metallurgies do not present RC de-
lay difficulties, they have other limitations. The cern for the CVD W system. In the current case, dif-lay iffculies the hae oberlimiatins. Thefusion into the underlying conductive structure by the

limitations include the difficulty of achieving 
a con-

formal deposition, and their relatively poor thermal reactive by-product in the CVD W reactor may be a con-

and mechanical stability and electromigration resist- cern. It is interesting to note that the TiN may be

ane properties. Chemical vapor deposition of tungsten acting as an effective diffusion barrier in situ in the

(CVI W) ban been used as a multilevel interconnect in CVD W reactor to prevent by-product diffusion. Depth

an IBM DRAM technology. This is because CVD W does not profile by secondary ion mass spectroscopy SIMS) has

have the aforementioned limitations of Al systems. revealed a significant concentration of fluorinated

Figure I shows CVD W applied as contact, wiring, and species in the non-nitridized Ti layer (Figure 4).

Svia-stud (1). There was a significant reduction in fluorine concen
interlevel tration found for CVD W on the TiN samples. The rel-

CVD W was deposited in a cold wall reactor by silane ative amount of fluorine is plotted as a function of

and/or hydrogen reduction of tungsten hexafluoride. nitridation temperature in Figure 5. This result seems

No detectable difference in film resistivity and film to be consistent with the contact resistance data shown

compo-itin can be found between selene and hydrogen in Table II, suggesting that the fluorine in the
reduced tungsten films It was found that silane re- underlying conductive layer effects contact resistance,

duced tungsten deposition readily becomes mass transfer
limited, and insufficient hole fill may resuIt This The etchability of TiNC'D W stack was shown in Figure
is due to the higher deposition rate of the process 6. Here an anisotropic etch can be easily achieved by
Process optimization did not efficiently improve hole using TiN. On the other hand, adhesion layers such as
fill. On the other hand, excellent hole fill can be tungsten silicide, titanium/tucgsten alloy and sputter
obtained by hydrogen reduced tungsten deposition. The tungsten lhow an isotropic attack on the adhesion lay-
deposition rate is however three times slower at the cr5. The tungsten films can be patternu.d by RIF in a

same tanperature, and throughput is dromatically de- chioricac-d or aiuannaten chemistry (3). It is also

creased. Therefore, silane and hydrogen reduction important to note that ior TiN-CVD h metallurgy used

processes were combined to optimize both hole fill and for via-studs, no selective at:auk of the adhesion
throughput. Figure 2 shows a comparison between the layer (on the sidewall of the via-stud) was found.
original hole fill and the improved tungsten hole fill
achieved by the new process.

In summary, CVD tungsten technology has heen proven to
The adhesion of CVD W on such insulators as be applicable for submicron multilevel i, -.onnet

borophosphero-silicon-glass (BPSG), thermal oxide technology. TiN has been shown to play a key ro,, '-
(TOX) and plasma enhanced CVD oxide or nitride were CVD tungsten adhesion, submicron patterclablity, an
extremely poor. An adhesion layer was required between contact resistance. Superior hole fill can be obtained
tungsten and the various substrate interfaces. This by CVD W for via-stud application usiung a two step I.
adhesion layer strongly influences the etchability of reduction process. Excellent results have ben ob-

CVD W metallurgy as well as the contact resistance. ained from process characterization, electrical char-
It has been found that adhesion layers such as tungsten acterization, and reliablity stress (ll.

silicide, molybdenum, titanium, titanium/tungsten al-
loy, and sputter tungsten, have either caused undercut REFEBENCE
etching (isotropic) in the tungsten reactive ion etch 1. C. Kaanta, W. Cote, J. CroTin, K. Holland,
(RIE) patterning, or resulted in high contact resist- P. Lee, T. Wright, p 209, IEGS lecember 1987

ance between the CVD W and underlying conductive 2. J.M. Poate, KN. Ta, JW. Mayer, "Thin Films-
structures. TiN as an adhesion layer has been found interdiffusion and reactions"
to resolve all the concerns of etchability, adhesion, Wiley-lnterscience publication, 1978
and contact resistance. Table I compares the adhesion 3. K. Holland, T. Wright, W. Cote, p eQ2
of CVD W on non-nitridized Ti and on TiN. It is impor- tCS Extended Abstract, Fall Mesting 1987
tant to note that while various preclean techniques did
not improve adhesion, nitridation of titanium by ACKNOWLEDGEMENT
annealing improves adhesion significantly. It has also
been found that reactive sputter titanium nitride also The authors are greatly in debt to George Slusser,
improves adhesion. Edward Adams, Laird MacDowell, and Robert Frenette for

TMS and RBS support; to Mike Leach, Thom Hartswick,

Table II shows a comparison of CVD W contact resistance William Cote, Terry Wright, and Karey Holland for

when Ti or TiN is used as an adhesion layer. Two orders technical support and valuable discussion Appreci-

of magnitude improvement in contact resistance were ation is also extended to Dick Dreves, Chis Cultor,

achieved when TiN was used. Neither Ti annealing in Faith Ichlshita, Gary Viens, and Pete Bath for process

argon or post annealing after tungsten deposition pro- piloting.
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Abstract No. 259

APPLICATION OF B3ORON-DOPED PLASMA CVD TEOS
FOR INTERMETAL Of ELECTRIC , ~

Forhad K. Moghadam, Kwang Sub h c.. c cc c c cccc

Intel Corporation c
Submicron Technology Development 30 OOL

The plasma deposition oj boron doped TEOS-based oxide (BSG) is stu-
died In a single wafer parallel plate CVD reactor, The evaluation of -.

different process parameters on the film properties indicates that RF :L tz
Power, TEOS:02 ratio, elctrode spacing have a pronounced effect on
the resulting film properties (stress, density, moisture absorption). a
The SIMS analysis of 8Sf) showed very lou, carbon content (less than I i.,1L
atomic %') and presence of no other impurities was detected in the .~a.

film, regardless of process conditions..

The application of moisture evolution analysis (MEA) technique to
different films shouted significant quantity of moisture pickup (0.55% **
by weight) for the films deposited at lower RF powers (200 Watts) us )
compared with higher RF power (300 Watts). The moisture outgassing
was verIy well correlated to OH- peak observed in F7UR spectrum. s*i

The process para met -s were adjusted in order to obtain a low com-
y~esslve stresswuaue (<lOGMPaI. The effet of temperature ramp-up
and cool-down on the stress revealed the presence of hysteresis loop. '"
The size of stress hysteresis loop is found to be correlated to the . ...
moisture content of the film. The higher the moisture content, the a~.

larger the loop. As It is shown in Fig, Isa and b, the film deposited .tC.c.l C
at the lower.RF power shouwed the larger stress hysteresis loop, con- -c c c tc c c c

sistent with FU7R and MEA observations, The stress was observed to .... -

change depending on the time duration between deposition and mea- - .
surement. fim becomes more compressive as It absorbs moisture. A
change of 200 and 28 MPa were recorded for 200 and 300 Watts film
after one uweek of post-deposition storage at room temperature, a..
respectively.-s.

The wet etch rate in a buffered HF (BHl* solutuon is measured to be a.. .. a. a.. a .
a strong function of RF power which actually affects the filmTcasu t
density. Higher RF power yields to a denser oxide due to more
bombordments, which in turn leads to lower etch rate in BHF.
In 6:1 HF acid, the measured etch rates for high temperature steam Fig. I. Stress Hysteresis Loop of a) 200 Watts. b) 300 Watts SSG
grown oxide. 300 and 200 Watts B&G are. 900,2200,1900 A/min, res- Films. Large loop is seen at lower RF power
pectively.

The breakdown voltages (St/f) of thin 8Sf) films (800-1000A) showed _________________

the values of 2.3 Melcm, which indicates low defect density (ire.
pinhole-free) films.

The C- Vevaluation of different ISG films demonstrates a large posi-
tivet fa ltbond voltage shift (in excess of 5*0 for all cases upon h igh
te,perature stress 1250C, 1Ot/for 15 rains). This observation eludes
to the presence of negative oxide traipped charges (Qot). A large_______
concentration of fast surface states (Oss). -5E11/crn2. is also
menus red by Cl/Vanalysis.

T&~ BSG 111m with optimum properties (stress, density) was applied to
a dloubl, metal CMOS process as an Intermetal dielectic layer. The
p acr~s was optimized to provide void free and good planarity of
d-electric over topolonjy. Via holes were opened by wet etch in BHF
followed by RIE To complete the double metal processi, second layer
of metal was deposited and xitterned. Fig.2 shows the via chain
resistance on topography for] I XI.lum alas It is found that 200
Watts 1Sf) has a higher resistance and larger scatter than 300 Watts ______

BSG. This is due to metal quality degradation by outgassing of
dielectric film during metal deposition The metal quality
degradation was also noticed through line resistance measurements
as shownin Fig.3. Thet metal line bridging tent results on
topography are shown in Fig.4. low, eakage current between the lum
space metal lines is the indication of good planarity for both
dielectrtcs (200 and 300 Watts 8Sf)) F!9.2 Via Chain Resistance Distribution Plot for I IXI lum Via

Size in 200 and 300 Watts BSG Films Htgher resistance,
by two, orders of magnitude, is seen in 200 Watts BSf).
compared with 300 Watts BSG

Vt4'



IL

F"g.3: Second Level Metal Line (I. 7um wide) Resistance over
Topography. Lar'ger spread for 200 Watts SSG is
evident.

F1g.3 Second Level Metal Line Bridging (Im space) Reslts
oer Topography. No bridging in either case is seen,
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was not attempted, however, as residue is

Etchback of CVD Blanket Tungsten typically encountered when pure fluorine

Films in a Hexode Reactor chemistries are used in the presence of non-

etchable aluminum-containing reactor materi-

Francine Y. Robb and Kathleen W. Ginn als.

Motorola, Inc. Direct Etchback (No Resist) The eli-

2200 W. Broadway Road mination of resist from the etchback,

Mesa, Arizona. 85202 although limiting the contact/via size to

those which can be completely filled with

The conformal step coverage of CVD tungsten, greatly simplifies etch considera-

tungsten (W) allows the filling of high tions, with a greater than 3:1 W-to-oxide

aspect ratio contacts and vias for VLSI selectivity the primary concern.

circuit applications. The relatively high

resistivity of tungsten alone, limits its Initial direct etchback studies
use as an interconnect and leads to contact utilized a standard tungsten etch. designed

plugging. Since numerous problems have been for anlsotropic etching of W and TIM fims

encountered with selective deposition of underlying aluminum in a stacted

tungsten, non-selective CVD tungsten depo- metalllzation. The process, which uses a 20

sitlon and subsequent etchback is studied as sccm CF,/20 scem CI. mixture, 15 mTorr

an alternate way to contact plugging, pressure and 300 Vdc bias, produces a

tungsten etch rate of w180 A/min and a less

The primary goal of this study was to than desired 1.1-1.5 W-to-PSG selectivity.
develop an etchback plug process for CVD Etch back of blanket tungsten in such a poor

blanket W films in a AME 8130 hexode system. selectivity process produces rough PSG

The process, as Initially envisioned, util- surfaces, with high PSG loss.

ized a planarizing resist layer to smooth

rough grains and allow the use of large Oxygen addition to Cl. was found to Im-

underfilled vias. A CF/Cl,/Oa chemistry prove the W-to-PSG selectivity to greater
was chosen because of both the published than the 3:1 goal. Figure 2 shows that the

success (1) of the similar CCI.F./O. W etch rate peaks at around 10% 0. in Cl.,

chemistry and the availability of these while the W-to-PSG selectivity continually

three gases in a standardly configured ANE increases with increasing 0. (due mainly to

8130. decreasing oxide rates). Severe across-the-

wafer non-uniformltles. observed at -SO% 0.,

RESULTS AND DISCUSSION limited the maximum usable o. In addition.

Figure 2 shows that the PSG selectivity in

Etchback With Resist Screening experiments 30% O.Cl. increased from 6:1 to 12:1 as the
using the CF./CI./O. chemistries helped to etch time increased from 7 to 17 minutes.

define which variables controlled the W-to- probably due to the diminishing effect of

resist selectivity, as a 1:1 selectivity is residual BCI used in the breakthrough step.

essential for successful tungsten etchback

in the presence of a planarizing resist Several loading effects were apparent

layer. The major results from these during the scale-up of a 30% O./Cl. process.
experiments included slow 1<280 A/Min) Figure 3 shows that the PSG rate increases

tungsten etch rates, poor tungsten etch rate (and the W-to-PSG selectivity decreases) as

reproducibility. <1:1 W:resitt the load size is increased from 1/2 to 5
selectivities. and a "proximity" effect tungsten wafers. Thus tungsten chloride

whereby blanket resist films etched products evidently enhance the oxide etching

significantly faster than resist films ability of a chlorine plasma. similar to

adjacent to etching tungsten (See Figure 1). CCI. and SICI.. In addition. Figure 4 shows

that the W rate is accelerated during
The V etch rate reproducibility was af- overetch to two times the bulk W rate. This

fected by numerous variables. Thicker causes the W plug to recess into the

films, longer etch times, a BCi. contact/via more rapidly than expected,

"breakthrough" step, increased hexode

temperature 160°C vs 45°C) and the use of CONCLUSIONS

resist dummies (instead of silicon) improved

the reproducibility to <10% (2o). The etchback of CVD tungsten films for

contact plug applications using a standard

Table I summarizes the results of a AME 8130 is reported. A chlorine-induced

full factorial characterizing the variables resist "proximity" effect and generally very

(%O.. %CI.. and pressure) identified as most low W-to resist selectivity prohibited the

important in the screening studies. Both development of a CF./ClIO, etchback in the
tungsten and resist rates were increased by presence of a planarizing resist. A direct

10% additions of either Clg or O. A etchback Ino resist) of totally filled con-

comparison with screening data, which showed tacts was developed utilizing a 30% O.Cl.

that 15-30% 0. caused the M etch rate to chemistry and is currently being tested on

decrease. suggests that a maximum W rate device vehicles. Concerns Include an accel-

evidently exists at sl0% 0 . In addition. erated W rate during overetch and a batch
the use of Ci. produced the earlier observed size dependent tungsten-to-PSG selectivity.

resist l.proximity" effect. Tile W to-resist

selectivity was less than 1:1 in all cells. REFERLNCES
ranging from 0.41 to 0.91.

Ill R.J. Saia. B. Gorowitz, D. Wood-

The W to resist selectivity was ruff, and O.M. Brown. Proc. 6th Symp. Plasma

closest to 1:1 In the cells with 10% 0. in Processing. 87. , 173 (The Electrochem.

CFu Routine use of this CF. 0. etchback Soc.. 1987).
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Tale I. Trends from the 23 full factorial characterizing 0./Cl.

addition to a CF. plasma and pressure effects are summarized below. ANOVA

techniques were used to analyze data, with a confidence (a) level of less

than 0. 10 selected for significance. A 45 sccm total gas flow, 350 Vdc bias,
606C and all resist dummy wafers were used.

IC. I., 1PRESSURE INTERACTIOS DT mf -

ET.lA RATE S OAT T Fts EAAADDED AT SO D 0,

RESIST RATE AITS M .OE D CSIT . NEA l)

RESIST RATE ..AE...SE .OS AEFIEE I55

0. .. INTERACTIOS (IN

oUARACCE DFNTO.. SICAAT IA)" ALL SURFACES ROUDH

W1ATRSS oERRES . ... " CTIC

WRfDEIT , . E C2"NES . .. 0,5 - 1

T E I I EEISES. AE 1 6SO

Flours 1. The resist etch rates ob-Fgre2 The tungsten and PSG rates

tamed in the sceeningt experiments are plot- are plotted as a function of 0. addition to

teda funcion of the tungsten etch rate pure CIE.

meaured in the same run.

8003002
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Figure 3. The PSG etch rate and tung- Fiqre 4. The amount the tungsten plug

Oten-tO-PSO selectivity are plottd . has recessed into the contact opening (as
fu nCtion gf the number of tunclaten wafers in measured by SER) is plotted me a function of

t he etch sys'tem. the overetch time in the 30X 0./Cl. process.
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Two step tapered via hole etching of the doped Sit, is improved by addition of 0, to

using down flow and reactive ion etching CF,. And this improvement is saturated at over 201
0,. The etch rate of the photoresist increase

T.Tsuchiya, J.Konno, T.Takada gradually with increase of the amount of 0, in

Bipolar Process Division process gases. Considering 51, etch rate and
selectivity to the resist, we fixed the Ol percen-

S.Fujlmura, H.Yano tage to 17.

Process Development Division Etch rates of Si0, (thermal and P-doped PECVD)
and photoresist, as related to stage temperature,

FUJITSU LIMITED are shown in Figure 2. There is a linear relation-
ship between the etch rates and the stage tempera-

1015,Kamikodanakaakahara-ku,Kaasaki,211,Japan ture. Resist flow was observed in the wafers etch
ed at over 120t stage temperature. Thus we fixed

Introduction the stage temperature to 110.

In muTtTlevel interconnections, a tapered via The etch rate of doped SIdo is about 4t0toA

hole profile is necessary for good metal coverage. m.sand the selectivity of doped Sit, to photo-

Also via hole size control is important for recent resist Is more than 20.

fine pattern devices. Uniformity of Sit2 etch rate across the wafer is

A tapered profile in SiD, can be obtained by within +_51.

reactive ion etching using a resist mask - 13. Figure 3 shows the isotropic etch profile.

This technique makes use of the controlled simul-
tanious etching of the resist mask and the SiO . Two shei wtah uef tss

However, this technique is not repeatable. Because level insulator. Contact test structure used for

slope of via hole depends critically on the resist lec l esurement cosstrf used and
profile and the etch rates of resis and SID,. electrical measurement Consist Of 1.4umC] and

fin th er eh rtde o rist etch of via 2.Oumo *via string'. The "via string" has 11120

In this work we studied two stepethovi
hole. At the first step, about a half of thick- or 50000 vias which conected in series.
ness of insulator is etched isotropically. Thus The isotropic etching depth was varied from 0
slope of via hole s made in this step. At the to 0.8 um. Figure 4 shows the "via string'
soeof viap, hesmad inlthoris ste Af te resistance as related to the isotropic etching
second step, remained insulator is etched off an-dph h vasrn'rssac sipoe

isotropically. The bottom size of the via hole is depth. The "via string resistance s imprved

determined in this step. Since to prevent flow by increase of the isotropic etching depth.

of resist mask, the isotropic etching have to be by two stp etching.

done at low temperature. The conventional plasma by th t hine-

etcher demands high temperature to etch SiO) fast. With this process, we obtained good metal cove-

Thus, this type of etcher is difficult to use in rage and low contact resistance. The bottom size

this process. We find that the down flow etcher of via hole do not increase from the size of resist

is suitable for this process. Through the two step mask. This process has good repeatability and

via hole process using down flow etcher, good step producivility.

coverage and low contact resistance were realized.

System description
The Isotropic etching was done with the single Acknowledgement

wafer down flow etcher which consist of plasm The authers wish to thank M.Nakamura and
chamber and adjoining the etching chamber. A reac- T.Kurahashi for their helpful discussion.
tive gas plasma is generated in the plasm chamber
by 2.456Hz microwave. In addition, the etching
chamber is shielded by the aluminum shower head
from the plasm. Thus neutral active species lead Reference
to the etching chamber. A wafer is positioned on (1) __J.V.Bondur and R.G.Frieser, in Proc. of
the aluminum stage in the etching chamber. Symposium on Plasm Etching and Deposition
The wafer can be heated using a resistance coil R.G.Frieser and C.J.Mogab Eds., The Electroche-
setted in the stage. Stage temperature is monitored mical Society Vol 81-1, 180 (1981).
by the thermocouple attached to the stage. 510S, (2) E.Crabble and E.R.Sirkin, ECS Extended
isotropic etching is accomplished using CF,+O, for Abstract Vol.1, 261 (1983).
the process gases. (3) J.S.Pflug and P.M.Mccarthy, ECS Extended

The anisotropic etching was done using a typical Abstract Vol.2, 593 (1984).
single wafer parallel plate etcher. CF,+CHF, were (4) Y.Horiike and I.Shibagaki, 'Semiconductor
used for process gases. Silicon" H.R.Huff and E.Sirtle Eds.

(Electrochemical Society Softbound Syrup.Series)

Isotropic etching characteristic 1071 (1977)

Therml 510, Or P-doped (a by weight) PECVD
SIt, films were deposited on 4 inches diameter Si
wafers. These wafers were then coated with posi-
tive photoresi st(NPR-M;Kodak), exposed, developed,
and baked at 120'.

The standard operating conditions are:
CF, flow rate 400 sccm
Pressure 1.0 Torr
microwave iowar 1.0 Kw.

0, percentage in CF,+O, gases mixture was varied
from 0 t 34%. The stage temperature was varied
from 70 to 1751C.

Figure 1 shows the effect of 0, concentration
on the etch rates of P-doped SIt, and photoresist
(at the stage teep.=70t). In agreement with a
data of another down flow etcher'

4
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9 PHOTORESIST
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~10O0 Figure 3 SEM cross section showing isotropici w etch profile.
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Figure 1 Etch rates of P-doped PECVD SiO. andm

photoresist versus 02 percentage in L9
CF. + 0. mixtures.
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Figure 4 "Via string" resistance versus
6000 - sotropic etching depth.
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Figure 5 SEM cross section showing aluminum
step coverage. The aluminum has been

Figure 2 Etch rates of P-doped PECV1 sic? etched away leaving a clear image of
TG SiO, and photoresist versus the step coverage encapsurated in the
stage temperature. 374 passivation layer.
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CHAI8ACIERIZATION OF AN OXYGEN PLASMA RESISTANT Ro a
PHOTORESIST FOR REAC7TVE ION ETCHNG I. - . ltd Moran and D. Maydan, J. Vac. Scd. Technol.. IC 1620 (1979).

OF ORGANIC POLYMERIC MATEIALS 2. W. C. Cunninghamo and C. E. Park, Proc. SPIE, 32 (1987).

F. raijan, S Bobio- . DBri.',3. W. C. MeColgin. J. Jech Jr., R. C. Daly, and T. B. Brost, Symp. on
F. Tonjn'.S. ohbi

t 2
,T. u~os

5
,V Teclinol., Karniiawn, Jnpat (1987).

J. Poole', R. Frteser, S. Jones
2  

4. F. Coopmaamn anl R. Roland, Poc. SPIE. 262 (1986).

'Depatment of Electrical Engineering 5. Shipley 1431 teries photoresist; Shipley. 2300 Washington St.,
University of North Carolina at Chtarltte Newtont, MA 02161.

Charlotte, North Carolina 28223 6. S. Kfl Bobbio and Y. S. Ho, Proc. 6th Syrop an Plasma Etching,
Blectrochesn. Soc., 47 (1987).2

MiCroelec,znict Center of North Carolina 7. Dupont 2525 polyuide; E. LDsupont, Pyralin Division, Barley Mill
Post Office Box 12889Plz.AdigoD.18.

Resarc Tranle ark NothCarlin 27098. Accrastrip photo resist stripping solution; General Chemnical
'Departmnt of Chemistry Corporatron, Morristown, NJ 07960.

University of North Carolina at Charlotte
Charlotte, North Carolina 28223

Intrducionfilm thickness (pm)
Anisotropic, Reactive Ion Etching (RIE) of organic polymeric

materials is becoming increasingly insportant in both VLSI and advanced
packaging applications for via formation in dielectric layers. Flmt
thicknesses may range from lpma to more than lllltrt. 1.5

A nmnber of different masking techniqaes have been used to pattern
the flmsu. Trilayer ttrsrcure typically involve a plasma enhanced vapor
phase deposition (300C) of an inorganic material (silicon oxide or ninride)
above the organic film Thm inorganic layer is patterned with a
convrntional tenant el RIB in wned to transfer the pattern througha both th 1.0
inorganic and organic layers'. Considerable sinsplification of the process
results if ltne reist maiteriall itself is resistant to oxygen plasma. In this case
the mass should contain an inorganic component which oxidizes during the
courseoflthe organic layer subetch so asto form a sable mask- Other 0.investigators have shnown how the additron of silicon to tbe resist increases;
the RE stability to .~on whore it becomes useful for pattemning relatively
thin organic flhnsZu

In this work we have added a non silicon inorganic species to a 5 10 15conventional positive photoresist' and ased the material to patter
potyimide films which ar as thick as Spmn. The inorganic source
compound is simply added, in the appropriate amount, to the resist to form
astable mixture having an indefinite shelf life. It may be spin applietd, Figuare 1: Etch performance of the modified resist. The fun carve and data
exposed. and developed in the conventional way. points represent the film thickness remaining after etchiog for the

nties shown on the abrissa. The dashed line shows the- santeFigunre I shows the etch characteristics of the modified resist. Ti result for unmodifted resist.etch tool used to transfer the pattern was a high rote magnetron system
designed and developed at the Microelectronics Center of North Carolina.
A flow of 50 sccmn N2 and 10 san 02 at 1200 watts gives an etch rare on
polyimid- of approximately 7kA/mmi.

in thse Figure, the film thickness which remains after etching is shown
by the data points and fall curve. For reference, the result for unmodified
reist is shown by the dashed ine. The data in Figure t was obtatned using
a resist material which contained 10% by weight of the inorganic material.

Figgute 2 is an SEM micrograph which showt the modified wasist layer
intact above a 4pm polyimide layer

7 
which has linen overetchetl 100%

using the same etch process as Figttre I. The reist layer in Figure 2 shows
no sign of cracking anal remains soluble after etching to commercially
available stripping soluiont.

Itt contrast to the reulis shown in Figures I and 2. if an insufficient
amount of inorganic is retained, the modified resist etches macb more
quickly ad eventually breaks up even under relatively mdd REB
conditions.

Although dse main focut of this presentation winl be the Oxygen RIE
characteristics of the modified reist, a brief discussion of the chemical and
photolithegraphic properties of the Material Will also be given. 00 K 250 1ptW2

The authors wish to thank Dr. A. Reisman. Dr. C.M. Osbumn and the
Semtconductor Research Corporation for thetr support of this work.
Additonally, they thank Dr 'inra Disben (rte AVX Corporlton) for
supplying the polyimide samples and suggesting the application to Figure 2 Thie moiiesd resist and resulttng polyimide pattern after a 100%
advanced packaging interconnects. overetch of the polytterde.
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Thermal Annealing of Cobalt
on Silicon '01

A.R. Sitaram and S.P. Murarka _ * slC

Dept. of Materials Engineering/ . a
Center for Integrated Electronics

RPI, Troy, NY 12180 too

s3 4 5i a 7;

The continued downscaling of device dimensions and the use 
of shallow junctions has resulted in lowering of the processing

temperatures to below 9501C. This has permitted the use of

Group VIII metal sulicides for gate level, and interconnection Figure 1: Growth of Cobalt disilicide

and also as contact metallization. Of these slicides, CoSis of-

fers the greatest advantages with its low resistivity (,15 5tiv-cm

in a polycrystalline thin film) and its ease of adaption into ex-

isting processes. In addition it can be formed in a self aligned

manner [11. Simultaneously, rapid thermal annealing (RTA) has

emerged as a technology tailored for submicron dimensions and

shallow junctions. RTA, with its high heating rates and short -10000

annealing times, restricts dopant redistribution, and so has ap-

plications in metallization, contact alloying, thin gate dielectrics,

planarization and in implant activation and anneal. In view of Cd

the applicability of CoSi2 and of the RTA process, a study of t 0o

the kinetics of formation of CoSi2 by RTA was undertaken. In

this paper the results of this study are presented and with those

obtained after annealing in a conventional furnace.
0 

a

Boron doped (100) Si wafers, with a typical resistivity of

-20 0 cm were subjected to RCA clean. These were then back-

sputter cleaned, in situ, to remove approximately 100A from 0.0010 , -- - 0

the -irface. Approximately 1000A. cobalt was then ntter d. 01 ,3 0.0014 0.015

posited. Specimens from these wafers were then annealed in te

AG210T Heatpulse unit at temperatures ranging from 400'C Figure 2: Arrhenius plot

to 6501C for times ranging from 10 to 60 sec. The annealing

ambient wa~s ultrapure Argon. Phase changes and growth were

monitored using x-ray diffraction and sheet resistance measure-

ments. At the early stages of annealing, our x-ray diffraction

results indicate the growth of CoSi from Co2Si, with the latter

still in contact with the unreacted Co. Thus CoSi, CoSi, and

Co were coexisting together contrary to the findings of both fur-

nace annealing 121 and RTA 13). Also, CoSi2 was observed to

form at temperatures as low as 450"C, almost 1001C lower than

the temperature of formation of CoSi2 in furnace anneals. Fig-

ures 1 and 2 show the CoSi2 growth rate data. A tit1 dependence

of the growth is observed (Fig. 1). Figure 2, a Arrhenius type

plot, gives an activation energy of 0.83 ev compared to the value

2.6ev reported in Ref. 2. Similar results were obtained using the

sheet resistance measurements.

A t11
2 dependence qf the silicide growth indicates a diffusion

controlled mechanism during RTA, similar to that reported for

furnace annealing. The early formation of the disilicd can be

attributed to the observed decrease in the activation energy. The

mechanisms that would cause such a lowering of the activation
process will be discussed.

Reference

I. S.P. Murarka, D.B. Fraser, A.K. Sinha, H.J. Levinstein,
E.J. Lloyd, R. Liu, D.S. Williams, and Si. Hillenius, IF,"

Trans. Electron. Dev., ED-34, 2108 (1987).

2. S.S. Lau, J.W. Mayer, and K.N. Tu, J. Appl. Phys.. 49,

4005 (1978).

3. B.S. Lim, E. Ma, M.-A. Nicolet, and M. Natan, J. Appl,

Phys., 61(11), 5027 (1987).
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oxygen and carbon. The TiSil - (49 phase was iden-
TITANIUM SILICIDE FRMAITION AND ARSENIC DOPANT tified by means of XD while-the Si/Ti ratio of -2 was

I Fconfirmed by AES and RBS analysis. From RBS analysis

BEHAVIOR UNDER RTP IN VACUUM of samples of series A and B with sheet resistance in
the intermediate value it was observed that thinner
TiSi2 - C49 layers are formled when an arsenic no junc-

R. FURLAN and J.W. SWART tion is present. This result is in accordance with
LSI - Escola Politcnica earlier puhlications(I-3,0i 2,13).

Universidade de Sao Paulo,
Caixa Postal 8174 At 7000C treatments, the TiSi2 phase transforms

01051 Sbo Paulo, S.c., Brasil its structure from C49 to C54 after a tim between 60s
and 90s (Fig.l), when a lower sheet resistance is ob-
tained. This transformation occurred earlier for sili-
cides formed on n* arsenic junctL'ns indicating that

Introduction arsenic eases this phenomenum.

The titanium silicide formation can be affected
depending on the type of dopant and implanting condi- For silicidation treatments at 8000C (Fig.2), the

tions(1,z). Additionally, the formation process in- TiSiZ - C54 phase is promptly obtained after the in-
duces a dopant loss and the redistribution mechanism is itial stage. In this case the influence of the arsenic
related with the dopant type(s,). Besides the influ- layer on the silicide formation was less evident.
ence of the dopants itself on the silicide formation,
the influence of impurities like oxigen and carbon has For silicidation treatments at S50°C and 6000C no
been adressed(I-). Oxigen present in the annealing snowplow effects was observed and a small loss of

ambient can oxidize the titanium surface. This problem dopant occurred. This led to a decrease of up to 209
can however be minimized by means of the use of rapid of the maximum concentration. However for silicidation

thermal processing(S-10). treatments at 800 oC a snowplow effect was observed
for very short times (- Ss) at which no TiSi? phase

Within the large amount of publications, however, was formed. For longer times, when the TiSi; - C54
contradicting results are reported, related to phases phase is formed, an increasing arsenic loss i-_qobserved.
formed and to the influence and behavior of dopants. This led to a decrease of the maximiu concentration

of 70% for the 32s treatment. The dopant behavior at

In this paper titanium silicide formation on 800oC is depicted in figure 4 for the samples of series
lightly doped and heavily arsenic surface doped silicon C after the titanium silicide stripping.
wafers is studied considering temperature and time of
rapid thermal processing. Also the arsenic behavior Conclusion

during silicide formation is studied. A -correlation between the film phase composition
and the RTP (reatments in vacuum was shown. Arsenic

Experirnmatl P Predure dopant loss was observed for different RTP conditions.
e substrates used in this study were p-type sili Arsenic snowplow effect was noticed for short treat-

con wafers with (100) orientation and resistivity of ments at higher RTP temperatures.
5-250cm. The wafers were gathered in four series, as
shown in Table I, according to the arsenic ion im- Acknowledgements
plantation and annealing conditions. Me auth ors wish to acknowledge Dr. J. Van der

Spiegel for helpfull discussionN.I. Iorimoto for XRD
After these initial sample preparation steps the analysis, Dr. J.P. Souza, Dr. C.M. Hasenack and A.A.M.

wafers were dipped in diluted HI and loaded in a RF Lagang for their contribution in RBS analysis and the

sputtering equipment. Titanium films were deposited Instituto de Pesquisas Tecnol6gicas for the AES facil-
with film thickness between 40 and 48rm. All RTP steps ities. This work has been supported by FIPEC, FINEP
(ion implantation annealing and silicidation) were done and FAPESP.

in a home made graphite heater with vacuum of about
5.10_-6 TorrOl). The RTP times mentioned in this work References
include the temperature rise time. 1. U.N. Park, .3. Sachitano, M. McPherson. T. Yamaguchi

The processed samples were characterized by four and C. Lehman, J. Vac. F.'i, Ten-7., A2(2), 264.
point probe, XRD, RBS and AES, 2. H. Matsui, II. Ohtuki, M. Ino, and S. ','hio, vat.

Rca. Soc. Ps'p. F'c',o, 54, 769 (1986].
Results and Discussion

Figure 1 shows the final sheet resistance of 3. P. Revesz, J. Gymesi, an7 Ir. Zsoldos,'.

SaOles of series A and B processed at 550°, 600oc and PhSt., 54(4), 1869 (19831.
7 C. The sheet resistance of samples processed at 4. T. Chow, i. Katz, R. 4ehner, and G.

8000C are depicted in figure 2, including samples of 5. 9. Bonchil. C., elt:, and J. Torres, 71(,9 SSi.

series A.B.C and fl. Films, 140, 59 (19861.

Initially, for short times, the sheet resistance 6. R. Beyers and R. Sinclair, J. App?. ;P;ys., 5-(2),

increases, oxigen and carbon are incorporated in the 524a (198S) s

film, as observed by AES, and a non-well defined phase 7. M. Natan, Sem an ast. p. 32 (198 d).

is formed with XRD peaks possibly corresponding to 8. T. Okamoto, K.. Appk. otoe.Shimi u. and T.
Ti i T~i r i pase.4atsukawa, ,J. AppZ. Fhe, 7(123), 5251 (1985).

Ti 5 Si 3 , Ti 5 Si 4 , TiSi or Ti phases. 9 F.M. d'ileurle, R.T. Hodgson, and C.Y. Ting, V.,:

For longer treatments at 550C, 6000C and 700
0
C Scien ani 7-Cs']!ogy, F,,tr' , .p.21l

the sheet resistance has an intermediate value and a (1985).

three layer film is observed. Figure 3 shows the Auger 1). T. Okamoto, M. Shimizu, K. lsukamoto. and 1.

depth profile of the sample of series B processed at 1atskawa,RS Fall Meetin, Boston (11984).

550oC-240s. The films are composed of layers of TiSi, Ii. M. Kawano, C.M. Hasenack, N.I. Morimoto, A...M,

with C49 structure, TiSix with x close to 1 and TiO x on Lagana, .. Swart. Souza. and B. turlan,
the outer surface. The thickness of the TiSix layer Lie presented at VIII Congresso Brasileiro de Aplici-

creases with increasing tfemperature while the thickness q6es de \,]cuo na 1nd9tria o na .iencia, Brazil,

of the TiSi2 increases with a concomitant repulsion 
of July (1997).
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THERMAL RESPONSE OF CHARGE DECAY IN 
state; the decay rate increases with increasing number

SILICON OXYNITRIDE FILMS of write/erase cycles, resulting in premature loss of

data. Though the decay rate of holes trapped in

Samuel L. Miller and Theodore A. Dellin 
silicon oxynitride does increase with increased

Sandia National Laboratories 
cycling, the magnitude of the degradation is

Albuquerque, NM 871B5 considerably less than that of silicon nitride for 
the

range of endurance cycling investigated (up to 10000

cycles).

Silicon Nitride Oxide Silicon (SNOS) nonvolatile

memories are experiencing an increased use in While the oxynitride improves the performance of t e

commercial and weapon/space sppllcations. Improving excess hole memory state, it has no significant effect

data retention in SNOS transistors is important in on the excess electron memory state. The decay rate,

both of these application areas. For commercial thermal activation, and cycling response of the excess

applications, improving retention will make it easier electron state is nominally the same for both the

to scale down the transistor dimensions to those nitride and oxynitride samples. This reinforces our

required in higher density EEPROMs. For weapon/space previous observation that the excess electron and

applications, improving retention will allow EEPROMs excess hole states are not symmetrical, but involve

to operate in radiation and extended thermal different physical processes.

environments.
A single oxynitride composition was evaluated in 

the

The data retention of SNOS transistors is determined 
present study. It may be possible to produce further

by the charge trapping and transport properties of the 
improvements in the data retention by optimizing the

insulating films. The data retention can be improved chemistry and/of deposition conditions of the

by optimizing the composition and/or geometry of the oxynitride films.

memory stack dielectrics. The purpose of the present

paper is to describe the improvement in the data

retention that results from substituting silicon

oxynltride for silicon nitride in SNOS transistors.

The nitride and oxynitride transistors were processed

in Sandia's CMOS nonvolatile memory process. The N-

channel SNOS transistors were fabricated in a p-well

with a surface doping concentration of 3E16/cm. A

16A tunnel oxide was then grown by a 15 minute, 600W,

dry oxidation. This is followed by a 750'C LPCVD

process that deposits either 250A of silicon nitride

)9:1 NH,:DCS) or 250A of silicon oxynitride (7: 34

NH,:DCS:NO). Next, a top capping oxide was grown

with a 3 hour, 900*C steam oxidation. Then, a

polysilicon gate was deposited, degenerately doped and

patterned to a gate length of -4 microns. Later in

the process when the contacts are opened, the

transistors are annealed for 1 hour at 9000C in 100%

H2.

The writing/erasing and data retention properties of

the SNOS test transistors were measured on an

automated, multiplexed test system. In EEPROMs, no

bias is applied to the SNOS gate during storage or

reading. Therefore, to simulate conditions in the

EEPROMs, the transistors were stored with the gate and

substrate grounded.

The oxynitride transistors are slower In writing and

erasing than the corresponding nitride transistors for

short pulse widths. This is presumably due to a

difference in the charge tunneling barrier height.

The substitution of oxynitride for nitride has been

shown to primarily affect two aspects of charge decay,

both of which result in significantly improved

retention properties. Of greatest impact is the

significantly reduced decay rate and thermal

activation of excess trapped holes (negative threshold

state). This combination of properties significantly

improves data retention for the eXcess hole logic

state in practical applications requiring long

retention in environments spanning a wide temperature

range. Retention experiments spanning the temperature

range of -55*C to -150xC have been performed.

The second aspect of the charge decay properties which

differs significantly between silicon nitride and

si icon oxnyijtrlde is the degradation resulting from

endurance cycling. The primary effect of cycling for

both dielectrics is associated with the excess hole
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ISSUES ON SILICON OXYNITRIDE FIlMS

H. J. Stein
Sandia National Laboratories fitting and there may be other contributions, For
Albuquerque, New Mexico 87185 example, absorption between 900 and 1000 cm in

crystalline Si N 20 has been assigned [2) to Si-N
There is an increasing interest in thin amorphous vibratiors in ?i-N rings connected by 0. In addition,

oxynitride films for dielectrics in microlectronics the three component fitting does not explain (N +
[1). Compositions for these films can be varied O)/Si ratios in N-rich oxynitride. Studies of N in
continuously from Si3 N to SiO2 including Si2N20 [2] crystalline Si [10) indicated the predominant mode for
of crystalline oxynitria . New methods of film growth N bonding into Si is N-N pairs, and that 0 will bond
and processing have been introduced in response to the in sites adjacent to the pairs. Thus, pairing of N
expanded interests [1). For example, ion implantation bonded to Si is a possible explanation for large (0 +
of combinations of 0 and N has been explored as a N)/Si ratios in N-rich oxynitrides.
method for producing a buried dielectric layer in Si. Another aspect of the question of structure is
Nitrided thin oxide films and oxidized thin nitride reconstruction under annealing. Plasma hydrogenation
films on Si are new thrusts toward engineering of thin of APCVD silicon nitride after annealing produced a
dielectric layers for specific applications, reintroduction of H fll), and the results were
Chemical vapor deposition (CVD) and plasma (or photo) interpreted as an indication of nonreconstruction.
enhanced CVD continue to be improved and remain the Partial rehydrogenation of nitride films in molecular
primary methods for oxynitride film growth. H has also been observed [121. One the other hand,

There are several interrelated issues on films densify upon annealing which is an indication of
oxynitride films: 1) growth processes, 2) composition reconstruction. Reconstruction and hydrogenation in
and structure, 3) stability and reconstruction, 4) oxynitride films are not well understood, and they are
impurity diffusion, 5) charge trapping and transport, important in Si device processing [13).
6) band structure, and 7) electronic levels. The most Relating electrical characteristics to film
extensive studies have been made on composition and composition and structure is especially challenging
structure where information from element analysis and [14,15). Trapped charge density and decay rates for
chemical bonding have been combined to infer film electrons and holes versus 0/(O + N) ratio from the
structure. Rand and Roberts [3] concluded in early work of Mass et al. [15] for polysilicon/LPCVD-
studies that reacting silane, nitrous oxide and oxynitride/tunnellng-oxide/Si structures are
ammonia on a Si surface produced a thin insulating Si, illustrated in Fig. 3. The trapped charge density
0, N polymer, rather than a mixture or codepo-it of injected with equal oxide fields decreased with
SiO and Si N Further studies [1,4,5] of deposition increasing 0 content, particularly for ratios greater2 s?14"
characteris ics, Si fraction, chemical bonding of H, than 0.2. This was interpreted [15) as a decrease in
and film properties have supported the general trap concentration with increasing 0 concentration.
conclusion, and have indicated polymeric transitions Decay rages for small trapped charge concentrations
with changes in atomic composition. Illustrated in after 10 wrIte/erase cycles (Fig. 3) show marked
Fig. I are ratios of (0 + N)/Si and of percent H changes for ratios above 0.35, and the authors
versus percent 0 for oxynitride films formed by plasma suggested deeper active charge traps to explain the
enhanced CVD (PECVD) [6), atmospheric pressure CVD effects. A factor of two decrease in the decay rate
(APCVD))4[, and low pressure CVD (LPCVD) [7). for holes with increasing ratio between 0 and 0.35 was
Measurement techniques utilized in such studies shown for larger injected charge concentrations, while
include: ion beam analysis, Auger Electron the decay rate for electrons remained relatively
Spectroscopy (AES) and infrared spectroscopy (it). constant. Measurements of the memory window center
These, and other studies, have shown that the H indicated an increase in net negative fixed charge
concentration goes through a maximum on the N-rich with an increase in 0 content.
side. The (0 + N)/Si ratio increases markedly in all Theoretical calculations (16) on band structure
materials between 0 and 30 atomic percent of 0. and band gap levels fo; silicon nitride and oxynitride
Substitution of N-H for 0 to switch from a nitride- provide a general guide for discussing relationships
like to an oxide-like structure below 30 atomic between composition and electrical properties.
percent 0 was suggested to explain the increase in (0 Silicon dangling bonds and Si-Si bonds are candidates
+ N)/Si ratio for APCVD N-rich oxynitride. The N-H .. at'! - - . . ,tance Increases with
concentration is too small, however, to satisfy the excess Si, and theory indicates levels within the gap
substitution for 0 concentrations > 10 atomic percent, for these defects[16. Hydrogen affects the net
except in PECVD films where N-H decreases in direct trapped charge either by passivating existing centers
proportion to the increase in 0 above 25 atomic or by introducing additional centers through
percent. The PECVD films exhibited electron spin interactions with Si or N. A discrepancy exists.
resonance signals attributed to Si clusters [8], hoygver, between trap concentrations on the order of
which, together with the high concentration of H, can 10 cm exercised electrically and impurity
explain the low value for (O + N)/Si ratios in the concentrations (eg, H and Cl) which tend to be two or
FECVD films. The ratio trend toward 2.0 is apparent three orders of magnitude higher. Hughes [171
in LPCVD oxynitride even though N-H concentrations are suggested actual trap concentrations can be orders of
lower than those in APCVD films. Thus, there may be a magnitude larger than electrically-alterable
significant difference between the structure of PECVD concentrations, and that electrical measurements only
films, where N-H replacement of 0 can be satisfied, detect a net difference in trapped charge. Large trap
and LPCVD oxynitride films, concentrations can explain small mobillty-lifetime

Remmerie and coworkers [9) used combinations of (pr) products, and small differences in mobility for
the three infrared absorption spectra sketched in the electrons and holes car explain net trapped charge at
lower half of Fig. 2 to fit observed spectra through equilibrium [17).
the stretch frequencies for Si-N and Si-O bonds in In summary, there is a large quantity of data
oxynitride films. Their observed spectra for N - 0 and available in the literature on oxynltrde films.
for O/(N + 0) equal to 0.03 and 0.55 are sketched in Understanding, however, of the composition and
the top half of Fig. 2 where the three general structure for films prepared by different methods, and
features of the fitting spectra are apparent. The of relationships between structure and electrical
authors labeled the intermediate frequency spectrum as properties is still in an early stage.
S 1 but emphasized that this absorption feature is not
necessarily an indication of a separate phase since
different structural and electronic environments can This work performed at Sandia National Laboratories.
slift absorption frequencies. While only three supported by the U. S. Department of Energy under
components were used, It is a minimum requirement for Contract CDE.AC04-76DP00789.
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SI-SO INTERFACE DEGRADATION the thermionic barrier height must be increasing at least linearly with

MEASUREMENT USING THE time to cause the observed gate current characteristic

FLOATING GATE TECHNIQUE This effect is shown schematically in Figure 6. Gate current

from the channel, if energetic enough, crosses the barrier and is

Albert K. Henning collected al the gate electrode. However. in passing through the

insulator, the interface is altered. Either interface states are created.
Thayer School of Engineering which are then charged due to the position of the Fermi level: or. bulk

Dartmouth College traps are filled.
Hanover, NH 03755 It is assumed, and may be verified qualitatively by examining

the potential contours in a 2-0 simulation of the device being measured,
INTRODUCTION that the gate potential changes expose a fresh portion of the interface

The ultimate goal in Si MOSFET technology development is to to the channel field-induced gate current density. Thus, the passage of
simulate, with physical accuracy, all important device aspects, from gate current at the low current densities experienced dinng actual

fabrication through operation to reliability. Achievement of this goal device operation causes localized changes in the Si-SK 2 interface
results in faster overall process development, combined with reduced Refering to Figure 5, these changes are not noted in the higher

exposure to the high costs of actual manufacture. To achieve physical current regime. The increases in the interface barrier height are more

accuracy, simulations must be done with 2-D or 3-0 simulator tools, on than compensated by image force barrier lowering 141 due to the

the microscopic level. In terms of MOSFET device design for hot (relatively) high current density. Based on this Figure. the transition

carrier resistance, such simulators seek to predict processing effects current from a regime dominated by image force barrier lowering. to
on substrate current [1.2], gate current 13.41, and eventually one dominated by barrier height increases. is about flA However.
interface degradation [5,6). strictly speaking this should be put in terms of a current density, which

No simulator can stand on its own, however: it must rest on requires a 2-D gate current simulator on a microscopic feve

accurate measurement. Previous work has explored gate current The low-level hole gate current in an NMOS device [71 also

measurements [7-101 and interface degradation [11-131 as separate exhibits increased barrier height as holes are transported across the

phenomena. This work investigates the interconnection of the two interface (see Figure 4). This occurs. effectively. in the accumulation
measurements, and its effect on gate current and interface degradation regime of the local MOS capacitance, while the electron gate current

simulation. occurs in the depletion or inversion regime The increased barrier

CHARACTERIZATION height to holes means positive charge is growing at the interface, which
The floating gate technique [8,91 was used to measure gate may be due to deep, ionized donor states in the band gap. Conversely.

current in NMOS FET's at 300K and 80K [71. Figure 1 shows a sample the increase of interface charge in the inversion regime indicates the

of the data. Figure 2 shows a raw data curve of IDS vs. time, from presence of deep acceptor states at the interface.
which one of the data points in Figure t was extracted. The extraction Data such as that in Figure 2 leads to the characterization of the
procedure involves the equation: gate current by the equation:

aV dbV F-Of(Vl- ciV dl. dt ICcxtP(fk-A

The raw data curve can be broken down into four parts. First is Thus, estimates of the relative change in barrier height (and so

the t<O region, where the gate has not been set floating, and changes in the relative change in interface charge), and the carrier temperature
IOS are due to heating (assuming no threshold or mobility changes are T. characterizing the free carrier distribution as it approaches the
occuring). Second. just as the gae probe is litted to set the gate
afloat, a current transient occurs due to the removal of the probe interlace, may be made

capacitance from the floating gate circuit. Third. the active device It the barrier height is increased too much. the net charge

begins to charge or discharge the floating gate, depending upon the sign transported across the interface may change sign This occurs since

of the gate current flowing from device channel to floating gate frequently, both holes and electrons are being transported across the

Finally, the slope df/dat decreases from its value at =o. interface on a global level; it the dominant charge carrier is suppressed
At high current levels [8). this change in slope results merely locally, the other may take its place, resulting in a sign change n G

from the expected change in IG with changing V G . However, at low It must be noted that these measurements do not precluOe

current levels, I decreases far more rapidly than would be expected creation or charging of interface states caused by hot carriers with

from the IG vs. VG characteristic. This may be seen in Figure 3 Here. energy insufficient to surmount the thermionic barrer However
the starling floating gate voltage is approximately 6.5V. However, the based on other experimental work [15). it appears likely that only the

logarithmic slope of V G vs. IG is 80mV/decade: while the expectation gate current emitted thermionically contributes to the change rv the

from the full gate current curve is nearly 1000mV/decade. interface.

The full set of data from which the VD=2.5V curve is extracted CONCLUSIONS
is shown in Figure 4. The data of Figure 1 is also plotted for Gate current measurements at realistic biases in MOSFET's lead

comparison. Figure 5 shows gate current derived using the continuous to perceptible changes in the Si-SiO2 interface These changes are

method of Saks. at al. (91. In particular, it snows the transition from attributed to charged interface states. charged aridor created durng

the high gate current regime, unaffected by growing interface charges, the passage of gate current emitted thermionically across the interlace

and the low gate current regime, very much affected by the interface The changes are a direct result of the gate current transported across

character, the interface. thus. simulation of the gate current must either scbtrac

DISCUSSION out the interface changes, or account for them strcly Expermentar

The steep slopes seen in the low gate current regime (Figure 4) verification of the simulation results must take care to account for the

require understanding, since this is the IG range experienced by devices interface changes as well In particular because of the buildup of

under actual operating conditions - not the accelerated field or
temperature conditions most frequently used because of their ease and reversed.

speed of measurement. Several factors might account for the References
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CHARACTERIZATION OF ELECTRICAL PROPERTIES Trapped electron density as a function of
deposition conditions was determined via

OF OXYGEN/HYDROGEN RICH SILICON NITRIDE FILMS photocurrent-voltage technique in combination

FOR MNOS DEVICES with high frequency method. This technique
does not require an assumption of any particular

distribution form uf the trapped charge.
Results showed that the trappgd chrge density

Dan Xu and Vik J. Kapoor decreased from 2.9 to 2.6x10 cm
- 

for 0 to
17 atomic % of oxygen concentration. By changing

Electronic Devices and Materials the gate electrode from aluminum to gold, the
Research Laboratory trapped hole concentration was also determined

Department of Electrical and Computer in a similar fashion.
The flatband voltage monitored

Engineering photodepopulation technique in combination

with photoinjection was used to investigate the
University of Cincinnati first order kinetics of trap emptying in the

Cincinnati, Ohio 45221-0030 LFCVD thin silicon nitride films iJ. The
photoionzation cros19 sectlon was determined

from 18.9 to 4.9xlO cm over the photon
energy range of 2.06 - 3.1 eV for the film

Thin silicon nitride films is one of the containing 7 to 17 atomic % of oxygen.

second most widely used insulating films in The interface state density Aor vrgin1
microelectronics after silicon dioxide. Thin samples at mid-gap were about 10 cm eV
silicon nitride films have been attracting Those samples with 0 sccm N 0 gas flow rate

growing attention in recent years because of were subsequently annealed at 900 C in an

its fundamental importance in VLSI electronic N2/H2 ambient so as to detect the influence of
devices with possible applications as a N-H and Si-H bond to the trapping property.

passivatlion layer, encapsulent, diffusion The results showed a general trend that the
mask, gate dielectric, optical device coating trapped electron density was increased after
and semiconductor non-volatile memory devices' annealing.

carrier storage layer. It Is speculated that one or various
The thin silicon nitride films used in combinations of silicon dangling bonds,

this work were deposited using low pressure Si-O bond may be responsible for the trapped

chemical vapor deposition (LPCVS) method charge in the film. Besides normal silicon
which provided good uniformity across the nitride bonding, silicon or nitrogen dangling

wafer and good stoichoimetry. Our LPCVI bonds may exist due tc imperfections in crystal

processing by microelectronics facility at structure. It was likely that oxygen/hydrogen

NCR involved decomposing ammonia (NH3 ) and atoms compensated these dangling bonds,

dichlorosilane (SiCl H ) at the temperature therefore subsequent reduction of trapped
ranging from 650 C to 850 C with 50 C charge density was observed.
intervals. Oxygen impurity was introduced
into the silicon nitride films by adding
nitrous oxide (N20) gas into the LPCVD [l] Dan Xu and Vik J. Kapoor, Proc. of

deposition chamber. The semiconductor Electrochem. Soc., New Jersey, 1987, 87-10,
non-volatile memory devices were subsequently p. 168
fabricated in a metal-nitride-oxide-silicon
configuration. In order to fully characterize
the material property of silicon nitride films

for memory devices, Auger electron
spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS) and multiple-internal-
reflection (MIR) infrared spectroscopy have
been employed to characterize the stoichoimetry
of deposited film. Ellipsometry were also used
to measure the thickness and refractive index
of the film. The internal photo-electric
effect technique was used for non-destructive
quantitative measurements of defect-related
electron/hole traps in these insulating films.
The electrical properties of MNOS devices were
investigated using high-frequency C-V,
quasi-static C-V, conductance method,
retention and endurance test.

The results of AES showed that the depth
profiles of nitrogen, silicon and oxygen were

uniform across the bulk of LPCVD deposited
silicon nitride films.
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The Effect of Growth Conditions on The Electrical the effect of a 1050*C, 30sec POA in Ar (2% 02). The 02 was
Properties of Ultra-Thin Oxides added to suppress the Si + SiO 2 = 2SiO reaction which may oc-

cur during such anneals in pure Ar. During these anneals typi-V. Mura ie AT. Wa, and DB. Fraser cally a 10A increase in oxide thickness was observed. It is seen
Intel Corp , 3601 Juliette Lane. Santa Clara. CA 95051. from Fig.3 that the Qf is reduced by this anneal and the oxide

E. Kamnieniecki thickness dependence of Q1 is eliuinated. Subsequent annealing
Optical Diagnostic Systems, 46 Manning Road, Billerica, MA 01821. of these wafers in forming gas has an insignificant effect on Q

J. Nulman Fig.4 is a plot of Qf vs oxidation temperature, for 150A oxides
AG Associates, 1325 Borregas Ave.. Sunnyvale, CA 94089. grown in pure 02 ambients. For as-grown wafers, it is seen that

INTRODUCTION: Growth and characterization of high quality the Qf is higher for oxides grown at higher temperatures which
ultra-thin silicon oxides is of major importance in VLSI technol- is contrary to the results obtained for thicker ( >1000A ) oxides
ogy. The study of growth kinetics and electrical properties of (Ref 5) A 1050'C, 30sec POA in Ar is seen (Fig.4) to reduceultra-thin oxides is incomplete due to a number of complicating the Q of these wafers by a factor of two in all cases. On the
fatra-thinhoxidestisrincompetehdueitooainumberofrorapid ef 1) other hand, the flatband voltage vs oxide thickness data (Fig.5)
factors: the growth rate of such thin oxides is vety rapidne fRef MO )esrmet ieagodlna i nand hence controlled growth in conventional furnaces is difficult obtained from MOS C-V measurements give a good linear fit in-Further, oxide charge (Qf) and interface state density (D0 ) are dicating that the Qf is independent of oxide thickness irrespec-generally measured by fabricating MOS capacitors which re- tive of whether or not the wafers received a POA. However, it is

quires the deposition and the definition of a gate electrode. The to be noted that these wafers have experienced a high tempera-
possible interaction of the electrode material with the oxides, the ture cycle (920"C) during the POCI3 doping of the polysilicon
effect of the electrode deposition/definition conditions on oxide gate and hence it is expected that these wafers behave similar to
properties, and the uncertainity regarding the metal-silicon work wafers that have received extended POA. In fact, these data are
function difference may obscure the intrinsic oxide properties. in good agreement with those seen in Fig.2. The D,, shows a
In this work, Rapid Thermal Oxidation (RTO) techniques were complex dependence on the processing conditions and these
used to grow ultra-thin oxides (40A-200A) and a novel surface- results will also be presented.
photovoltage technique (Ref 2) was used to evaluate Qf and D,_. CONCLUSIONS: Growth kinetics and electrical data for ultra-
The surface photo-voltage technique eliminates the need for gate thin oxides have been obtained. The effect of various parameters
electrode deposition/definition. The combination of these tech- such as oxide thickness, growth ambient, POA and growth tem-
niques allows the accurate determination of the effect of process perature on Qf and D,, have been investigated. The use of RTO
parameters on growth kinetics and on Q" and D.. In this paper and the surface-photovoltage measurement technique have al-
we report the effects of processing conditions on Qf. lowed the evaluation of these parameters accurately without any
EXPERIMENT: 100mam dia. P-type, 50 0-cm, (100) Si wafers influence of post-oxidation steps involved in MOS capacior fa-
were used in this study. The wafers were subjected to an RCA brication. The data also suggests a close relationship between the
clean prior to oxidation in an AG 2146 RTP system (Ref 3).The growth mechanism of these thin oxides and their electrical pro.
wafer temperature measurements were made using an optical py- perties and sheds some light on the oxide growth mechanism.
rometer and the temperature, as read by the pyrometer, was REFERENCES
within ± V

0C of the desired temperature. The oxidations were 1) B.E. Deal and A.S. Grove. J. Appi. Phys.. 36, 3770(1965).
performed either in a pure 02 ambient or in an oxygen ambient 2) Optical Diagnostic Systems, 46 Manning Road. Billerica, MA
containing 4% HCI. Oxidation temperatures ranged from 01821, patent pending.
10001C to 1200*C. Oxidation times typically ranged from 3) AG Associates, 1325 Borregas Ave., Sunnyvale, CA 94089.
5secs to 300secs during which oxides 40A to 200A thick were 4) V. Murali and S.P. Murarka, Electrochem. Meeting. Extended
grown. Some wafers then received an in-situ 1050C, 30secs an- Abstract#164, May, 1987.
neal in Ar (containing 2% 02) and/or a 400' C, 45min anneal in 5) H.Z. Massoud. Ph.D Thesis, Stanford. 1983.
forming gas. Oxide thickness was ellipsometrically measured at
nine points on the wafer using an automated ellipsometer. A re-
fractive index of 1.46 was assumed for all cases. The thickness
uniformity was better than t3% across each wafer. Subsequently,
Q- and D,, measurements were made using the photon-
microscope (Ref 2) which measures the capacitance of the space
charge region created by shining monochromatic light on the
wafer. One batch of wafers were subjected to polysilicon deposi-
tion and after subsequent POC13 doping, electrodes were pat-
temed to form MOS capacitors which were then used for con-
ventional high frequency and quasi-static C-V measurements.
RESULTS AND DISCUSSION: Figure 1 is a plot of Q, as a
function of oxide thickness. These oxides were grown at I 0' C
in pure oxygen and received no Post Oxidation Anneal (POA). It
is clear that Pi is a function of oxide thickness and that thinner
oxides have higher Q1 .Similar results have been reported previ-
ously (Ref 4,5). Fig.2 is a plot of oxide growth rate as a func-
tion of oxide thickness for the same growth conditions. The ox-
ide growth rate is obtained by assuming linear growth between
adjacent points on the oxide thickness vs oxidation time curve
and the local slope is calculated. These values are then plotted
against the calculated mean of the oxide thicknesses. The striking
similarity between Fig.l and Fig.2 suggests a close relationship
between the oxide growth mechanism and the origin of fixed
charge. Similar results are observed for oxides grown in 02 am-
bients containing 4% HCl. As seen in Fig.3, the Qf is higher for
thinner oxides but the overall magnitude of the Q is about half
those reported for oxides grown in pure 02 (Fig.f). The magni-
tude of the growth rate for these oxides is, however, about twice
those reported in Fig.2. These results imply that while Q1 is
definitely a function of growth rate, it is not a function of the ab-
solute magnitude of the growth rate or else oxides grown in HC1
containing ambients would have a higher Qf. Fig.3 also shows
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Abstract No. 270
nel, the hot-electron generation rate, and segregation proba-

N-MOSFET Degradation and Aging due to bilities. Hot-carriers in the channel need to acquire enough

Hot-Electron Trapping kinetic energy to overcome the interface potential barrier with
their momentum redirected toward the interface to be success-

Amer Samman, Patrick Roblin, and Steven Bibyk fully trapped in the SiO2 by already existing traps (no trap

Solid State Microelectronics Laboratory generation). Neglecting detrapping, the rate of hot-electron

Department of Electrical Engineering trapping in the oxide near the interface can be approximated
The Ohio State University, Columbus, Ohio 43210 by 131

d ( m i , ,, ,4 0h

1 Introduction Uj "()el1'dy) X (N,, - Nmr(t)l ....

Hot-carrier induced n and p channel MOSFET degrada- The first product represents the rate of hot-electron scatter-
tion mechanisms have been experimentally shown to be similar, ing events expressed in terms of the high electric field chordal
with the degradation region located near the drain and stretch- mobility [3]. where i7" is the electron's effective mass, E is

ing toward the source with increasing stressing time. MOSFET the lateral channel electric field, td- is the saturation veloc-

current degradation is mainly due to carrier trapping in the ity of the electrons, and K, < 1 is a constant weighting the
oxide near the interface, and the generation of interface states rate of ballistic electron launching. The second product gives
by hot-electrons. This work is concerned with the analysis the probability of al electron travelling a distance d without

of the performance degradation of a one-micron gate-length loosing its energy through collisions, becoming hot, then being
n-MOSFET, resulting from hot-electron trapping in the ox- redirected (due to scattering) toward the interface [1. [3). E
ide, and with the modeling and simulation of the hot-electron is the chantel lateral electric field assumed constant over the
trapping dynamics. distance d. X is the mean free path of hot-electron between

In our approach we have used a physical model of hot- collisions (assunied constant) , and 6b is the effective potential

electron trapping and applied it to derive a new equation siln- barrier height at tile interface [1]. The third product gives the

ulati'sg the trapping rate. This physical trapping nidel was maximum number of hot-electron per unit area of the inter-

then used together with a two-dimensional device simulator face that can he trapped at any time. It is a function of the
(PISCES) to determine both the location and deisity of trapped channel carrier concentration o(y) and the probability (t -/')
electrons. The aging process was simulated dyianically by of the scattered electron traveling to the interface without fur-

solving the trapping equation consistently with the PISCES ther redirection. The last product represents the probability

simulation of the MOSFET throughout the aging process, of an electron injected in the SiO2 to be captured by all enipty
trap, where N,.,(t) is the density of traps filled per unit gate

2 Discussion area (N 1,,,(t = 0) = 0), Nl- is the initial density of empty
traps per unit gate area. and a-,v is the trapping cross section

First, a degraded MOSFET was simulated by introduc- of SiO, at the interface (technology dependent) [31 4). Even

ing a sheet of fixed negative charge at the Si- SiO2 interface though there is no reported value for K, yet. comparative a s

near the drain. As a result, the degraded device was found no well as qualitative study of aging ill different li-vice structures
longer symmetric. The localized negative charge has greater ca still be performed.

effects on the performance of the MOSFET when operate(] in This model of hot-electron trapping was used to sim-

the low VD (linear or obmlic) region. The IV characteristics of ulate the degradation of a lpm nMOSFET inl time. Aging

the degraded device showed an increase in the threshold voltage was cotducte,l by solving the t rapping equation simultaneously

(Figure 1), an increase in the maximum channel transconduc- with the PISCES simulation of the NIOSFET. The applied
tance for VD = 0.IV, and an upward curvature (diode-like) in stressing voltages (V.s = I's = 0, l'(; = 3'. and It, = 51') re-

the ID-VD curve (forward mode)for Vc, = 11V that disappears ilained the sannt, during the entire aging process. The trapped

for V0  2V (Figure 2). electron distributiotn obtaited at differ,ent aging steps is given
The introduced fixed negative charge causes a channel in Figure 3 which reveals that hot-electroii tralping starts with

potential drop near the drain that pinches off the channel and a rate that peaks at location - 1.57io, sons 300.4 frou the

increases the effective channel resistance of the stressed MOS- drain junction, and moves toward the drain before spreading

FET in the linear region. This potential drop is overcome by toward the source, progressing at aid exponentially decreasing

either increasing VC or V,, the drain acting like a second nar- rate [3] [4]. Tile peak degradation rate depemds on the ap-

row gate (short channel effect). The effect of the drain and gate plied stressing voltage. The iaging tunes associated with some

voltages on the channel potential drop explains the diode-like of tile intermediate aging steps ari' shown ill a table ill Figure

turn-on characteristic of the degraded MOSFET in the low VD 3 normalized with respect to the first step.
region of the IV characteristic curves (Figure 2). The channel electric fiehl is found to itcrease in, the high

In the saturation mode, the stressed device shows prac- field region next to the itrain julnctis n. and to idcrtasc ill tie'

tically no sign of degradation in performance (Figure 2). The adjacent GCA region closer to tile s urce (Figure 4). Thi.

channel potential drop is absorbed in the two dimensional drain explains why the degradation proceeds first toward the draiti,

region of the channel, and the drain current is restored to then slows down as it psropagates toward the source.

its maximum value (unstressed ID) by til' unaffected Grad- One notices that tIle threshold v'oltage has sli-tlv Il-

uai Channel Approximation (GCA) region. creaseid through the first 17 aging steps A slight reduction

Tie rate of hot-electron trapping per unit area of tle ini the tratiscotduction is also obsetved. Afte 17 aigil, steps

interface, is proportional to the electron density itt the chan- thie degradation starts moving toward tih' soure, and a strotg

itcrea-e in the threshold voltage results (Figure 1) The trap-
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1 E-4 ustessed- "

ping of electrons in the high field drain region weakly affects IEs

the MOSFET IV characteristics, whereas the trapping in the -5 strd tiorward)

GCA region results in a strong variation in the threshold volt- 5tr-S/ reverse
age. One can therefore use the If-Va characteristics to monitor a
the progress of the degradation in the channel [41. E 6E-5

The aging simulation results are in qualitative agree- ._

ment with reported experimental results. Chain et al [2] re- 4E.5

cently pointed out that the projection of the device's lifetime
by accelerated stress can lead to large errors. Indeed, they ex- 2E.5
perimentally demonstrated that the degradation rate was slow-

ing down with increasing stress bias and time. The simulation <
of MOSFET degradation in time can provide an alternative 0.0

method of predicting the MOSFET lifetime under normal op- 0 0 1.0 2 0 3.0 4 5.0

eration . Vdrain (Volt)

Figure 2: Io vs. VD characteristic curves of the original device

and after 37 aging steps in the forward and reverse mode. VG
1, 2, and 3 Volts.
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AbstraCt s.,. t
C AI N CThe comparison of DC stress and AC stress results

CWMPARISON OF DC AND A STRE I are shown in Fig.3, The AC stress showed less

NUOS TRANSISTOR degradation than DC stress. We conclude that the

Hi LWAgl3. Rich 1C4 Stevn Bibyk transient current during the stress can 
actually ease

the device degradation by introducing the positive

Soltd State Mcroelectronics charges into the gate oxide to compensate the

Department of Eletrical Engineering negative charges which were trapped there during

The Ohio State University the DC stress period.

2015 Neil Ave. 
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Columbus, OH 43210 The authors wish to thank A. Samman, D.C. Kau,

There is growing interest in device degradation S. Chou, C. Michael and Prof. P. Roblin for their

under an AC stress conditionil. Our experimental assistance. The encouragement and support of this

data show that device degradation under an AC research by H. Hilbrink, D. LauffeT, and T. Tonnu of

stress is dependent on the frequency, phase the NCR Corp. is much appreciated.

characteristic of the stress signal, operation

temperature, and less dependent on the load

capacitance. 
Ie 11ees

Initial device degradation under an AC stress

condition has been found to be dominated by a 1. Fu-Chieh Hsu, Kuang Y1 Chlu. "Hot-Electron

transconductance decrease. The threshold voltage Substrate-Current Generation During

increased as stress continued. The time for Switcing transients". IE Tran. on Elec.

threshold voltage to increase depended on the stress Devices. vol. ED-32 NO.2, Feb. 1985

condition and transistor size. For a DC stress, the

boundary between these two degradation 2 l. Wang. C. Michael, P. haul. S. Bibyk. "MOS

mechanisms was not very obvious. It Is shown in F'ig, Device Life Time Criteria for Circuit Performance".

1 that threshold voltage for a 1.8iMm NMOS transistor to be published

at 77 K did not change during first 40 minutes AC

stress period, while at time 200 minutes the 3. S. Bibyk. H. Wang, P. Borto3, "-Ark9Yz9 Hot

threshold voltage shift dominated the device Carrier Effects On Cold CMOS Devices

degradation. The initial transconductancedegradation was contributed by the generation of fast IEZZ Trans. Elec. Dev. tD-3__4, 83-BB 
( 1981)}

interface state near the drain. These interface state

are generated by the hot-carrier during the AC

voltage transient time. The threshold voltage shift is

caused by the negative charge trapping inside the

gate oxide.

Both transistor parameter shifts were found to be

saturated as stress time increased[2l. A hypothesis

of carrier path change due to the charge

accumulation near the drain Is presented to explain

this saturation phenomenon. For an AC stress, this

saturation phenomenon is not as obvious as a DC

stress, because the injection current for an AC stress

consists not only of the channel hot-carrier, but also

the transient current component, which Is not

sensitive to the additional electrical field formed by

the charge trapping inside the gate oxide.

Device degradation under an AC stress condition

has a strong temperature dependencyl3l. Fig.2

shows the comparison of the stress results for two

different temperatures. 300K and 77T The

threshold voltage shift at 77K is larger than the

those at 300K for the same device size. Longer

carrier-mean free path and higher trapping

efficiency are believed to be responsible for the

enhancement of device degradation. For an AC

stress, the transient current component Is also

changed by the temperature due to the change In

the gate capacitance and charge distribution inside

the gate oxide. Because this transient current

component plays a very important role in device

degradation, the degradation was expected to be

different than that for DC stress.
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Abstract No. 272

At the optimum poly-Si thickness (150-200nm),

DEGRADATION OF POLYCIDE GATE MOS CAPACITORS the compressive stress due to the 'gate bird's
beaks' would be relaxed by the tensile stress of

the WSi2 layer. In this case, the number of trap

A.Ohsaki, T.Okamoto, H.Kotani, centers is minimized, and dielectric breakdown

S.Nagao and N.Tsubouchi strength is almost the same as the value estimated
from inherent strength of Si02.

LSI R&D Lab., Mitsubishi Electric Corp.
4-1 Mizuhara, Itami Hyogo 664, Japan 4. CONCLUSIONS

Characteristics of the polycide gate MOS

1. INTRODUCTION capacitors have been studied. The gat- :xides are

Polycide gates are widely used in recent MOS degraded due to two different mechanisms: WAhen the

LSI's. However, internal stress of silicides is 109 thickness of poly-Si layer is thin, the positive

M0" dyne/cml , which is one order of magnitude charge trap centers induced by the tensile stress

greater than that of poly-Si. In a previous of the WSi2 layer affect the gate oxide,

paper, it was reported that positive charge trap irrespective of the gate patterns and the

centers at gate electrodes/Si02 interfaces are annealing ambients (02 or H2/02). At the

generated due to the large stress, and the thicker side, the degradations caused by the 'gate

iniuence of the stress can be reduced by bird's beaks' occur only in the 'striped' gate

increasing the thickness of poly-Si.(1) We have annealed with H2/02 ambient. At the optimz-

found, however, that the degradation of MOS thickness (150-200nm), no degradation is observed,

capacitors occurs even if thicker poly-Si is used. because the stress due to the 'gate bird's beaks'

The purpose of this study is to investigate the may be relaxed by the WSi2 layer.
degradation mechanisms of the polycide gate MOS
capacitors in more details. ACKNOWLEXHENT

The authors would like to express their thanks

2. EXPERIMENTAL PROCEDURES to Dr.K.Shibayama for their encouragement.
W-polycide gate MOS capacitors with two

different gate patterns 'striped' and 'planar' were REFERENCES
fabricated on p-type silicon substrates, as shown (1) N.Yamamoto, in Proceedings of the 12th
in Fig.1. The thicknesses of gate oxides, poly-Si Conference on Solid State Devices and

and WSi2 layers were 2nm, lO0-300nm and 230nm, Materials, Tokyo, 1987, p.15.
respectively. After the fabrication of polycide (2) P.Solomon, J.Appl.Phys., 48, 3843, 197-.
gates, BPSG/Si02 overlayers were deposited by CVD
methods. Subsequently, annealing was carried out at
900*C for 20 min in 02 or H2/02 ambient. Ramp I-V
characteristics of the MOS capacitors were
measured with a negative gate polarity.

3. RESULTS and DISCUSSION
Figure 2 shows the dependence of breakdown polycide (a)

voltage of MOS capacitors with 'striped' polycide - ""' s
gates on poly-Si thickness. When the thickness of
poly-Si layers becomes thinner than 1 S0ns, the
breakdown voltage decreases irrespective of Capacitor
annealing ambient. The degradation is also observed
in the capacitors with 'planar' polycide gates. All n* gate oxide

of the degraded samples show hysteresis (2) in
their ramp I-V characteristics, as shown in Fig.3. polycide (b)
This hysteresis is caused by positive trap centers
at electrodes/Si02 interfaces induced by the . 'planar'
tensile stress of the WSi2 layer.(1) Because both
gate structures show the same degradation, it can - capacitor
be concluded that the trap centers are generated
whole over the gate electrodes/Si02 interface. It gate oxide
is seen that the stress can be reduced by
increasing the thickness of poly-Si in the case of Fig.1 Schematic structures showing MOS capacitors;
02 annealing, as shown in Fig.2. (a) 'striped' and (b) 'planar'.

However, when the thickness of poly-Si layers
becomes thicker , the degradation of breakdown
strength and the hysteresis in I-V characteristics
are observed only in the 'striped' gate capacitors
annealed in H2/02 ambient [see Fig.2 and 4 1. The
dependence on gate structure strongly indicates
that the degradation of gate oxides occurs at the
edges of gate electrodes. Moreover, the annealing
ambients are related to this degradation
mechanisms. H2/02 annealing produces 'bird's beaks'
which extend into gate regions, while 02 annealing
dose not. Then, the compressive stress which are
generated in the 'gate bird's beaks' during 82/02
annealing, induces the positive trap centers at the
atp Alectrodes/SiO Interfnee.
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REVIEW OF SILICON NITRIDE AND OXYNITRIDE FILMS FOR The internal photoelectric-effect technique
NONVOLATILE MEMORY DEVICE TECHNOLOGY was employed in combination with capacitance-voltage

(C-V) measurements for detail characterization of

defect and impurities-related electronic charge

V. J. Kapoor and D. Xu trapping states in the nitride film of MNOS
structure. The internal photoelectric-effect

Electronic Devices and Material Research Lab technique essentially consists of a photolnjection
and photodepopulation sequence.

Department of Electrical and Computer Engineering In the photoinjection process (defined as

University of Cincinnati charging process or "write" operation), the charges
are injected by internal photoemission from the metal

Cincinnati, Ohio 45221-0030 electrode into the Si N insulator of a M7OS

structure by means of 3a 4UV light. Some fraction of
these charges are captured by Si

3 
N
4 

traps with a
R. A. Tori certain capture probability. The effect of photo-

injection under bias is the introduction of negative
NCR Microelectronics Division charge in the Si 

3N 4 
films of a MNCS structure bv the

Colorado Springs, Colorado 80916 capture of charges into impurIty/defect related
traps. During this process, a partial discharge of
the filled traps can also occur. For the given

The Al-Si N -SiO -Si (MNOS) capacitor applied voltage bias, the traps will fill to some

structures and poiysflicon - SiN-5f0
2
-li (SNOS) steady-state level determined by the ratio of the

transistors were fabricated on -type 200 - time constants of pho-oinjection and the partial

oriented silicon substrates with resistivities of discharge pro'sss. The te-ee of negative charge

i-9flem. After standard etching and cleaning due to trapping process in the Si N film causes a

p-,_edures, the substrates were thermally oxidized shift n the flutbund voltage s eermined from
and anneald -o as to eliminate electron trapping I M~lz capacitance voltage characteristics and gives acenters in the oxide lim. The oxide thickness measure of the centroid-weighted nitride trapped

was measured to be 50 A, whih won thiCs enougli to charge density.

block electron sd hole injection fron te The photo I-V technique allowed us to so-asure

substrate during photoinjection from the gate. the trapped charge density and normalized centroid

For SNOS transistors the thickness of the silicon without the assumption of a particular charge
dioxide was approximately 15-20 AL The silicon dis~ribution. This technique employed measurement of

nitride (Si N ) films were deposited onto the the IIatbd d wta andthe photocurrent at the gate
?e4ize electrode to detect the tic! It rho electode-

oxidized wa es by low pressure chemical vapor nitrde intec Whe te ,70 tccectre-
deposition (LPCVD) from a gaseous NHESiH2C 2  

nitride interface. While the MNOS s1r8Ctre -Cler

mixture. A controlled amount of oxyven as
2  

negative bias, the photocurent was measured at thc

introduced into the film using N 
2
0 gas during gate of a sample with no charge in tl- itride.

deposition. The Si N films were deposited in After electrons have been trapped in the silicn

three separate groups. In the first group, the nitride the photocurrent was measured again. The
SiN films were deposited at 750C and the internal electric fields in the nitride caused by

to SiH
2
Cl2 gas ratio was varied from 3.5:1 to the trapped charge oppose the applied bias, therc cre

30:1. The second group of Si N films were a higher negative applied bias is required to

deposited at temperatures whih4 were varied from measure the same photocrrent at the gate as befre

650C to 850C with the NH to SN2 CL gas ratio charges existed in the insulator. This increase
3.5:1. The third group Af Si3N 2fi2ms were in applied bias necessary to measuce the same photo-

deposited at 750C with NH SiN Ci gas ratio of current was measured from the shift in the photo-
3.5:1, but with varying 3 2 current voltage curve before and after injectLon,
to 80 seem. The th 0bsess of all Si

3 N4 films and reflected the amount of charge trapped in theto 80se.ihlm.ns f l i im
used in our investigation was 400 A, as determined film.

by ellipeometry. The SNOS transistors were fabricated and then

The transparent gate electrode was used for tested to evaluate the retention characteristics of

internal photoelectric-effect technique. Semi- the memory devices. These devices incorporated the

transparent aluminum electrodes, of I00 A thickness same LPCVD silicon oxynitride films as discussed

were deposited onto the Si N films. A 500 1 thick above. The results show that varying the NH to3 4Sill CI ratio with ino N20 flow has little effect
aluminum back contact was used to ensure a noise ihe 2 r wt n f

free contact to the external circuitry. ornal ied decuyrres for both written and

Auger electron spectroscopy (AES) has been erased states. However, normal ized decay rate

utilized in conjunction with argon-ion sputtering significantly improved as the N 20 flow and the

in order to measure the variation in the resulting oxygen content is increased. ibis ccr n

far both the written and erased states.Thstoichiometry and distribution of oxygen impurity dere in the de ate isdcatve fTh

in the silicon nitride film of the MNOS devices, decrease in the deca rates Is n sity. Thre a
In addition, X-ray photoelectron spectroscopy (XPS) itrise in cntentpd no tra Nl i cl

was used to determine the chemical nature and 3 H2C
bonding of the film. The silicon, nitrogen, ratio that affect the device retention chrter-.

oxygen and hydrogen atomic concentrations in the is The normalized decay rates versus deposition

bulk of the Si N film were found to vary as a The n ize decayhrteshveusde t

function of NH to SiH
2
CI, gas ratio, deposition tempeftures with and without N o showed -a clear

temperature anA N 0 gas ftow. The results of the trend for the nitride samples a smaller decoy rates
measurements indicsted that onygen was incorporated for lower deposition temperatures. However, for hc

into the film by repaciog the nitrogen atoms during oxynitride samples with N,0-40 scm. the retention f
the LPCVD process. The refractive inden of the the device is signifIcantty improved,

It is speculated the danglings1li10 hods in
Si N film was also found to be sensitive to the silicon nitride are likely candidates or shallow

stoichlometry of the film. (2eV) electron trapping centers. The Si-Si danglinl

bonds may be responsible for the deep traps.

m m=--, __ mm Immmmmmmmmm 03
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PECVD SILICON NITRIDE: DEPOSITiON AND POST-DEPOSITION 'Optimization" of the deposition garameters

MODIFICATION FOR APPLICATION IN MEMORY DEVICES yielded a sbstrate mperature of 300 C, an RF power

density of 34 mW/cm and 0.1 1SiH = S8. Memory window

size varied as a function o? the flow of nitrogen

W. D. Brown carrier, but was independent of argon flow. Window

Department of Electrical Engineering sizes varied from 2 to 12 Volts for a writing field of

University of Arkansas 5xiO
6 

V/cm and pulse widths between I microsecond and

Fayetteville, Arkansas 72701 I0 milliseconds. The memory performance correlates

closely with the Si-H bond concentration. Retention

and endurance performance compared favorably with LPCID

INTRODUCTION and APCVD silicon nitride devices.

Historically, silicon nitride used in the Metal- ANNEALINC
Nitride-Oxide-Semiconductor (NOS) nonvolatile memory Post-deposit-in annealing in argon and eitrog-e
transistor has been deposited using APCVD or LPCVD [1). produced increases z., memory window size of up to.25
Both of these methods requice deposition temperatures percent for an anneal temperature and time of 475 °i

in excess of 7000C and present difficulties in the and 30 minutes, respectively. This treatment minimizes
processing of peripheral MOS circuits for operation in the S/N ratio, increases the Si-H bond concentration
a radiation environment [2]. Recently, however, re- and reduces the insulator fixed charge. Higher rem-
newed research interest in silicon nitride deposited peratures and longer times evolve hydrogen from the
by plasma-enhanced chemical vapor deposction (PECD), film and severely degrade memory performance. Some
a low temperature process (<400 C), has provided results suggest that nitrogen can be supplied to or
evidence that PECVD silicon nitride mav be used lost from the film during annealing.

successfully in the M123 structure [3,41. Studies
have shown a strong dependence of some e ctrical IMPILANTATION/ANNEAL
properties of these films on deposition parameters ([41, Implantation of argon and nitrogen was used to
and have concluded that properties of PECVD nitride, modify the memory properties of the nitride films.
important for nonvolatile memory device operation, are Improvement in memory window size of up to 7I percen!
comparable to those of high temperature CVD nitride [5]. was obtained for implant energies in the range of 25

to 45 KeV. implant fluences in the range of 1012 to
This paper discusses the results of a research 1014 ions/cm

2 
and beam currents of I to 5microamercs.

effort directed at defining "optimum" deposition para- The implants were followed by a 475°C anneal in nitro-
meters and post-deposition processing of PECVD nitride gen for 30 minutes. Higher energies and fluences
for application in MOS devices. Post-deposition produced damage that could not be recovered using the
processing involved annealing and implant/annealing to annealing procedure. Higher beam rrrcnt levels caused
enhance memory characteristics or these devices, the insulator to charge up and shifted the threshold
Electrical and physical properties of the films were voltage of the MNOS capacitors to values less than -20
studied as a function of deposition conditions and volts. Penetration of the Si/Si

3
N
4 interface by the

subsequent processing with the goal of understanding implant also destroyed the memory properties of the
their relationship to charge transfer, trapping and device. Changes in memory window size correlated with
loss. changes in Si-H bond concentration. Increases in Si-H

bond concentration caused by implantation occurs by
SAMlhI PR:EPARATION transfer of hydrogen from nitrogen to silicon. The

o o modification of the silicon nitride using this pro-
Silicon nitride films (350A to 800A thick) were cedure did not adversely affect the retention and

deposited in a 13.56 MHz, capacitively-coupled, endurance po-froance of .OS capacitors.
parallel-plate reactor. 1NOS capacitors were fabri-
cated on n-type <111> silicon substrates with aluminum CONCLUSIONS
electrodes and a gold back contact. Samples used for
Fourier Transform IR and UV spectroscopic analysis Careful control of deposition parameters will per-
were deposited on optically polished, high resistivity mit the deposition of memory quality PECVD silicon
silicon and high quality quartz plates (T20 Superasil nitride. Post-deposition annealing and implantation/
2), respectively. annealing can be used to enhance the memory performanc

of yNOS devices. Memory window size correlates with

RESULTS AND DISCUSSION Si-H bond concentration.

The electrical nod physical properties of silicon REFERENCES
nitride thin films are kwn to be sensitive functions
of deposition conditions [6]. It follows then, that I. 11. 1. Stein, J. Appl. Phys. 57(6) 2040, 1985.
the memory performance of nonvolatile memory devices 2. -. J. Melhorter, S. L. Miller and T. A. Dellin,
which utilize silicon nitride as the charge trapping IEEE Trans. Nuel. Sci., NS-33 (6) 141., 1986.
medium is influenced by the deposition and post-2:posi- 3. T. E. Nagy, C. D. Fung and W. H. Ko, Proc. Sym.
tion processing of the nitride [7]. on Silicon Nitride Thin Insulating Films, Electro-

chem. Sc., 83-8, 167, 1983.
"AS-DEPOSITED" PECVD SILICON NITRIDE 4. M. A. Khallq. 0. A. Shams, W. 1). Brown and H. A.

Since the primary objective of this work was LO Naseei., Proc. Sym. onSilicon Nitride Tlin Insu-
deposit PECVD silicon nitride of sufficient quality lating Films, Eleerrochem. Sc., 87-10, 201, 1987.
for an MNOS structure, optimization of the deposition 5. 1). Jousse, J. Kanuci and F. MehraT., "Electron Spin
process was based on the memory window size of an MNOS Resonance Study of Defects i PFECVD Silicon Nit-
capacitor for given write/erase conditions. Depos- ride", presented at the 172nd En IMeeting, Honolulu,
ition parameters examined were RF power, substrate Hawaii, Oct. 18-23, 1987.
temperature and gas composition. Both nitrogen and 6. A. M. DeAlmeida and S. S. Li. Solid State Elec-
argon were used as carrier gases. tronics, 30(9) 889. 1987.

7. B. Y. Nguyen, P. 2. Tobin. K. W. Teng, H. C. Tomp-

kins and K. M. Chang. J. Electrochem. Soc.. 1 10(3)

776, Maci. 1991.*Thi-s-work was supported by a grant from the

National Science Foundation.
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A Review of Current Conduction in Stacked Mire reenr.y, Ya 9 studied M-I trans f
Silicon Dioxide-Silicon Nitride Layers on s-a-'s an --o-se' ---- e

Silicon hearriers in niriE
tf yne thi ness n f interfazia- cies while an-
then. ;"] have argueo that t-e

R.V.Giridhar irrespect ! f theciciess :f in-crfa-a:_
Intel Corp, Santa Clara, CA 95051

r w crc the re f aa-.-

Stacked silicon nitride-silicon dictide layers are c f ra o-- trpd -re in trick -S--

interest in such atpticatiors as storage iexectrocs struztures tha ee an:
for DRAMs [l] and interpoty dielectric in floating ho'es ar par-cipate in the c=uc2n in thick :ae

gate non-volatile memories [2]. An understanding of SN-S str =ures. a -: ;ncer ! c-ndi ans ancr- hi
the current transport Mechanisms in such layers is ia - -a- -Z'nc Xk,
vital for the soccessful scaling of these stacks fcr holes an I- -r.1nate uz-c'. i..

use in future technologies ims.

Thermal oxide layers on slcon. have been :n c f hcntr:ersy -cc ne
extensively studied because of their importance to all conduztrn i 4-i je, rn'arscancin
of silicon MOS technology. It is generally acceotei current o e e cr~zs -- sti-- in
that the current conduction in silicon diocdc layers 1-s Aithcaph th zr r' crnt carrier
on silicon is dominated by electroos and asthe severa
current-field characterestics c be oeled y the an underann f hc

well known Fowler Nordheom tunneling emition 31. sec-o --ary - a .carrier IS ver.m r in _nerstan _n
and mode..'n r sIaccn zur-tns iis-,

Early studies of current conductior on silicon -n seve-a a-- -a-
nitride by Sze [4] led to the conclusion that at high low-fie c n.
electric fields, the conouction is bulk-limited and

can be described by the Pcole-Frenkel characteristics.
This mechanism depends on the field enhanced thermal --- - -- ndz it, an tarue r i si

ilnization of trapped carriers. in general, the n :i Teevewe r. ockness reimer were

current density (2)- eletric field (E) eletrot or h--- -- -na

cnaracterestics for several different mechanisms are codto 00 Slion is'- o-- i- s-a-------------

exponential (iantring the field dependence of the w:".ects oeeiae.2e 00a0n ft

pre-exponential factor) and of rhe form: nzO.ChanOe of o-e -- nc n - - -
theoeign:fLo-c-eakazesare ei2rswile

- exp(aEn)

with n=-l for Fowler Nordheim (tunneling) References:

characterestics and n=12 fcc Poole-Frenkel ccnducooct
and Schottky emission and 'a' is a field-independent- a , .

-  
.haa a-

factor which is also tempeeature independent for EDM 7enia P
tneig2) S.M=ri, N.Matsu,,awa, :.Kanck:, N.A-ra_,- -~wtunneling th a5ao o-.-

Y.Suizs, N. esckawa and ShYaa .
'icest, Pl -- !9q-

Because of this, it is difficult to distinguish '' A e e
between these mectanisms or the oasis of current field
characterestios alcne especiaiv over smalj ranges of 4Apci.e Physics,3t, 2951, :-t-.
electric field. Sze 4) used tne self consistency 5 .M.Sze, y f eet a s,
beoweet the static dielectro c Consoant of sillo t-,ie. an ,
nitride and the dielectric constant caculated fron. ".A.Weinbes r, Ap . Fn- s-cs e , i

the Pocle-Frenkel plots to infer that silicon tnictrie I£.
exhibited Pocle-Frerkel conduction. In additii, the - -- eanJ .. te, TE za ers. -,. Eetr
curret-field characterestics were found to be D- vies, Ei-26 Nc. E, rs ,

essentially independent cf substrate material, foll 8) .ee. a'. Ph s. Statuas holdo, rho,

thickness and tias polarity, supprting a lule-imoted n4He 29-4.
process. 9) LL .Yau, 'EEE Eec-ro ee. left. E - N-

p''f, I984.

Sze [4] assumed that electrons core the carriers - uand S.he, IEEE trans. on aeotroo
transporting charge although no specific evidence for cves, vE- , no. , r , 1954.

that was seen. The suoject of the dominant current '1) S.N-zaki and R.V.lridhar, Ele-tron- - e-
carrier in silicon nitr-de layers has beer revisited LetNE NL . rUE4 196E.
several times. Three basic techniques fall of which ') M.Arinzadeh, S.Nczav- an J .v.l:c.dha- . E, E
employ a p-n junction in some form) have been used for Trans. Electron Devoce, p49, 195.

separating the hole current from the electron current.
Weinberg (6) used a shallow junction to separate the
carriers and suggested that holes dominate the current
condu"aton in silicon nitride for both !as
polarities. Schroder and White [71 used complementary
emitter bipolar transistors for carrier separation and
concluded that holes are the dominant carriers in
silicon nitride. Ginovker et. at. [81 used an MIS
transistor for carrier senaraticn and succestel a
polarity dependence f5r the dninant carrier i
slicon nitride. Arneto and Weinero ^! have reviewcd
the evidence for hole co nductoon in so nitrode.
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INFLUENCES OF PROCESSING CHEMISTRY OF SILICON NITRIDE silicon nitride deposition, nitrogen appears to penetrate the 35A bottom

FILMS ON THE CHARGE TRAPPING BEHAVIOR OF OXIDEICVD- oxide layer (6). The interface trap densities of the 20:1 gas ratio ONO

NITRIDEIOXIOE CAPACITORS dielectric films were also observed to be higher compared to those of

oxide films thus providing further evidence of nitrogen penetration.

B-Y Nguyen, P.J. Tobin. KM Chang, K.W. Teng and H.G. Tompkins' Figure 2 illustrates the linear relationship between intrinsic flat-

Advanced Products Research and Development Laboratory band voltage and NH3:SiH2CL2 gas ratios. The flat-band voltage

Motorola Inc., Austin, Texas 78721 decreases slightly as the gas ratio increases.

Bipolar I/C Group, Motorola Inc., Mesa, Arizona 85008 The influences of NH3:SiH2CL2 gas ratios on the saturated flat-band

voltage shift as a function of time and E-field under p-,rve gate

INTRODUCTION voltage (Vg) are shown in the Figures 3 and 4. These Figures

In recent years silicon nitride films have begun to play an important demonstrate that negative charge trapping dominated for all three

role in thin dielectric applications for advanced memory technology; the types of ONO film as indicated by a positive VFB shift. The VFB shift of

oxideinitride/oxide (ONO) stacked film has become one of the most ONO films increases as the gas ratio increases. It is also noted that the

promising candidates for an ultra-thin gate dielectric (1-4). The weJI- VFB shift increases and rapidly saturates as a function of stressing

known advantages of ONO films over thin oxide films include low defect time and stressing E-field.

densities, high breakdown fields and good barrier propertes for Under negative Vg stressing. Figures 5 and 8 show that both

impurity diffusion and radiation damage. However, certain properties negative and positive charge trapping are present in the ONO films

such as charge trapping and instability of ONO films still need fabricated with NH3:SiH2CL2 gas ratios of 10:1 or higher. At the 5:1

clarification and improvement. In this study, we examined the effect of gas ratio, only negative charge trapping occurs as indicated by positive

the processing conditions of silicon nitride films on the chemical nature VFB shift regardless of stressing conditions. It also appears that the

and charge trapping behavior of ONO films. ONO films fabricated With a low NH3:SiH2CL2 gas ratio reach VFB shift

saturation in a shorter stressing time and at a lower stressing E-field:

CE''CE FABRICATION on other hand, the ONO films fabricated with high NH3:SiH2CL2 gas

The Polysilicon-ONO-Silicon (SONOS) capacitors were fabricated on ratio have more charge trapping and an unstable VFB shift as shown in

P-type (100) silicon substrates with resistivities of 14-22 ohm-cm. Figure S. The VFB shifting behavior of these ONO films could be

After LOCOS processing, a 35A bottom oxide was thermally grown in explained by the final film thickness and composition of each

diluted 02 in Ar with 1% HCL at 900C. The wafers were then split into constituent layer)7), And those results are consistent with the data

three groups which received NH3:SiH2CL2 gas ratios of 5:1, 10:1 and presented in Figure 1.

20:1 during deposition of the nitride films. For all wafers, the

deposition temperature was 720C, and the nitride thickness was 80*- CONCvUi-

hA as determined by an ellipsometer on an accompanying test wafer. Our results show that nitride processing chemistry can play an

The groups were combined and subjected to steam ambient at 830C for important role in charge trapping, carrier transport and chemical

3 hours to grow approximately 20A of oxide on top of the nitride. Next, nature of thin ONO dielectric films. In particular, as the NH3:SiH2CL2

rn-situ phosphorus-doped polysilicon gates were fabricated to form gas ratio decreases, the resistance of the nitride films to steam

SONOS capacitors with areas of 6.5 x 10-4 cm2. The capacitance- oxidation decreases, thereby enhancing the thickening of the bottom

voltage technique was employed to investigate the charge trapping oxide. If the nitridation of the thin bottom oxide suggested by Figure I

behavior of the ONO films. The SONOS capacitors were subjected to is confirmed, it is apparently more pronounced at higher gas ratios.

constant voltage stresses under both positive and negative gate

polarities. A microscope light was used for positive gate bias to ANTS

provide inversion layer charge. The flat-band voltage shifts ( VFB) The authors wish to thank A. Tasch, E. Reed and L. Parrillo for their

were monitored as a function of time until they were saturated, support of this project and special ihanks to Peter Gill for his

assistance.

PHYSICAL AND ELECTRICAL CHARACTERISTICS

The oxygen, nitrogen and silicon atomic concentrations of three ONO REFERENCES

films. which had the same oxide equivalent thickness of 90.1-5A but 1. T. Watanabe, A. Menjoh, T. Mochizuki, S. Shinozak, and 0

different nitride deposition gas ratios, are shown in Figure 1. These Ozawa. in Int. Reliability Physics Symp. p. 16 (1985).

Auger depth profiles show that the nitride films fabricated with the 2. E. Suzuki and Y. Hayashi, IEEE Trans Electron Devices, ED-33.

20:1 gas ratio have better resistance to the steam oxidation than those 214(1986).

fabricated with the 5:1 gas ratio. This can be seen from the relative 3. S Nozaki and R. V. Giridhar, IEEE Electron Device Len . EDL-7.

height of the oxygen signal compared to the nitrogen signal in the 486(1986).

nitride (now oxynitride) layer. Additionally, it should be noted that ONO 4. K Rajkanan and J S Multani, This Journal, 130, 1152(1983)

films fabricated with the highest gas ratio show a thinner bottom oxide 5. Naresh C. Saha, Motorola Inc., Private communication

and a stronger nitrogen signal in the bottom oxide At this point, it is 6. J. S. Johannessen, C, R. Helms, W. E, Spicer, and Y E Strausser.

not clear whether the stronger nitrogen signal is real or is a depth IEEE Trans Electron Devices, ED-24, 547(1977)

profiling measurement artifact ESCA results on the other ONO films 7. M. M. Mosleh, and K C. Saraswat. IEEE J Solid-State Circuit.,

show that no nitrogen could be detected in the bottom oxide layer after SC-20, 26(1985)

removal of the top oxide and nitride in wet selective chemical etch

solution (5) However, our work using Auger electron spectroscopy and

quas-static CV techniques suggests that during the short period of
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NATURE OF THE DOMINANT DEEP TRAP IN Next, the samples were subjected to UV illumination for 20
AMORPHOUS SILICON NITRIDE minutes; the number of paramagnetic defects increased to 3,6x10 13

spins-cm-
2 , and Vmg shifted -85 volts back to the origin (Fig lc).

D.T. Krick and P.M. Lenahan This could be explained several ways; one possible explanation is
The Pennsylvania State University that the UV light photodepopulates the electrons previously trapped

227 Hammond during biasing, which in turn eliminates any trapped charge in the
University Park, PA 16802 nitride. In any case, UV illumination annihilates any charge in the

nitride. The negatively charged centers' return to a paramagnetic
J. Kanicki state is accompanied by their loss of an electron. The silicon

IBM Thomas J. Watson Research Center dangling bond center in amorphous silicon nitride is again neutral in
Yorktown Heights, NY 10598 tts paramagnetic state.

The samples were at this point subjected to a negative bias
(with respect to the silicon substrate) using (negative) corona ions

The importance of silicon nitride in the microelectronics for ten minutes; current through the samples was the same as in the
industry is well established. It has traditionally been used as a case of positive bias. Under negative corona bias, hole injection
passivating layer in silicon dioxide device technology, as well as in from the silicon substrate takes place via tunnelling, and holes are
nonvolatile memory devices. More recently, however, it has been
proposed as the primary dielectric in amorphous hydrogenated trapped in the nitride. This biasing resulted in a decrease in
silicon thin film transistors (T1FT's). It is well established that the paramagnetic center density of 8x101

2 spins-cm-
2 to a value of

electronic properties of silicon nitride are dominated by the presence 2.8x1013 spins-cm-
2. CV measurements indicate Vmg shifted -35

of deep trapping centers[l,21; these centers may seriously limit the volts, indicating roughly 3xI01
2 trapped holes-cm- 2 in the nitride

usefulness of silicon nitride in TFTs[3]. Although intense effort (Fig. Id). The decrease in paramagnetic centers is again (within
has gone into identifying these trapping centers[4-8], no direct experimental error) approximately equal to the number of charged
experimental evidence exists until now directly linking a specific centers in the nitride (Fig. 2). Holes trapped at the neutral
structural defect with the trapping behavior in amorphous silicon paramagnetic centers render these centers both positively charged
nitride. and diamagnetic.

We report results of a study in which we inject positive and Finally, the samples were illuminated with UV light for 20
negative space charge via corona discharge into amorphous silicon minutes; the spin density increased by 8x10

2 spins-cm- 2 to its
nitride films. We use electron spin resonance to monitor the density original value of 3.6x1013 spins-era

2 
and Vmg shifted 30V toa

of silicon dangling bond centers, and electrical (capacitance versus value of -5V (Fig. le). This is again consistent with the
voltage, or CV) measurements to calculate the density of trapped vau e of (ile s is agin onsient withethe
charge. We find that the capture of either positive or negative charge disappearance of holes at silicon dangling bond centers, rendering
by the trapping centers is consistently accompanied by an the centers both paramagnetic and neutral.
approximately equal decrease in the density of paramagnetic silicon In conclusion, we present for the first time conclusive
dangling bond centers. We also find that ultraviolet (UV) evidence that paramagnetic neutral silicon dangling bond defects in
illumination of charged nitrides eliminates space charge and that this silicon nitride may capture either electrons or holes. The capture of
disappearance of trapped charge is accompanied by an either an electron or a hole renders the neutral defect diamagnetic and

approximately equal increase in the density of silicon dangling bond charged. These dangling bonds art on silicon atoms bonded to three
centers. Our results provide the first direct evidence that the nitrogen atoms[ 10]. Charged defects can be returned to their neutral
dcminant deep trap in silicon nit-idc films is an amphotcric silicon paramagnetic state with the aid of 4.9eV illumination. Our restts
dangling bond. suggest that this is the dominant defect responsible for the trappingThe silicon nitride samples used in this study were deposited behavior observed in silicon nitride films. Furthermore, our ability
via low pressure chemical vapor deposition (LPCVD) to a thickness to cycle the defect between its paramagnetic neutral state and both its
of 5500A. Substrates were crystalline <I I I> silicon on which a charged diamagnetic states suggests that the optical generaticn of
250A oxide had been previously grown. This thin oxide layer dangling bonds in amorphous silicon nitride involves no complex
eliminated charge injection in our nitride films at moderate fields, structural rearrangement, but simply changes in the charge and spin
and made our CV measurements reliable. At high fields, however, states of the defect.
this layer was thin enough to permit the tunnelling of carriers I. P.C. Arnett and B.H. Yun, Appl. Phys. Lett. 2b. 94 (1975)
through the oxide. 2

Initially, virgin LPCVD silicon nitride films were illuminated 2.H. Macs and Ri. Van Overstraeten, AppI. Phys. nt. 2. 282
for 20 minutes using a 100W mercury lamp and a 4.9eV mercury (1975)
line interference filter; the light intensity from this lamp/filter 3. A.R Hepburn et at., Phys. Rev. Lett a, 2215 (1986)
combination was estimated at lpW-cm

2 . This UV illumination not 4. K.L. Ngai and Y. Hsia. Appl. Phys. Lett. 41, 159 (1992)
only creates a substantial increase in paramagnetic defect density[91 5. D. Frohman-Benctchowsky, Proc. IEEE5U, 1207 (1970)

6. J. Robertson and M. Powell, 3. Appl. Phys. 4., 415 (1984)
(3.6Ox 113 spins-er-2), but also annihilates any space charge 7. CT. Kirk, Jr., J. Appl. Phys. 5D, 4190 (1979)
previously trapped in the nitride (Fig. lace). UV illumination thus 8. V.I. Kapoor, R.S. Bailey, and H.1. Stein, J. Vac. Sci.
allows us a reference point in our experiment. In other words, we Technol. Al, 600 (1983)
can cycle the samples through a series of charging conditions, 9. D.T. Krick, PM. Lenahan. and 1. Kanicki, Appl. Phys. Lett.
always returning to our starting conditions (i.e. a large paramagnetic 51, 608 (1987)
defect density and no trapped charge) with the aid of UV 10. T. Makino and M. Maeda, Jpn. J. Appl. Phys. 2,1 1300
illumination. (1986)

After UV illumination, the samples were subjected to a
positive bias (with respect to the substrate) via (positive) corona
discharge for ten minutes. During biasing, the current density in the
samples was monitored and found to be 0.7VA-cm-

2 . Under
positive corona bias, electrons tunnel from the silicon substrate
through the oxide and into the nitride, where they can be trapped.
After biasing, ESR measurements indicate a decrease in
paramagnetic spin density of l.IxI0

I 3 spins-cm2 to a value of
2.50 0

3 
spins-cm-

2 , and CV measurements show the midgap
voltage (Vmg) has shifted .85 volts (Fig. lb). This shift
corresponds to roughly 8x101

2 trapped electrons-cm
2 in the silicon

nitride. This increase in the number of negatively charged trapping
centers is (within experimental error) equal so the decrease in
paramagnetic defects in the silicon nitride (Fig. 2). Electron
trapping renders these formerly paramagnetic and neutral centers
both diamagnetic and negatively charged.
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20 exposure to UV illumination.
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HIGH QUALITY NITROGEN-RICH PECVD a-SIN,:H Results and Discussions
FILMS FOR APPLICATION IN THIN FILM Table 11 compares the electrical properties observed

TRANSISTORS for a number of samples deposited at various deposition
conditions. The data also show the the effect of rapid

W.S. Lau and S. J. Fonash thermal processing on film properties; that is, results are
Center for Electronic Materials and Devices, given for samples before and after a 4000C RTA for 5

and Englniering Science Program, minutes. By comparing a silicon-rich sample, sample
The Pennsylvania State University, SFMNS#1, and a nitrogen-rich sample, sample SFMNS#2,

University Park, PA 16802 deposited at the same temperature, 2500C, it can be seen
that the hysteresis is smaller for a nitrogen-rich sample.

J. Kanicki By comparing samples SFMNS#2, SFMNS#4 and SPMNS#5,
IBM Research DIvision which are nitrogen-rich films deposited at different

Thomas J. Watson Research Center, temperatures, it can be seen that the hysteresis is smallest
P.O. Box 218, Yorktown Heights, NY 10598 at around 400

0
C. In general, both the fixed charge density

Nf and the mid-gap density of states Nm8 are decreased
Introduction after RTA.

In general, silicon nitride films deposited at low
temperatures (below 500

0
C) by plasma enhanced chemical The thickness of films in the SFMNS series is about

vapor deposition (PECVD) tend to be silicon-rich. Carrier 800A. This is very thin when compared with the thickness
trapping in such silicon-rich films (x 1.3

3
) has been of nitride films used in TFTs in the literature, which is

found to be a problem.(
1

) Hence, these films may be useful about 3000-5000A.(
2
.

3
) Hence to get a fair assessment of

for passivation in IC technology but they are normally not the electrical stability for the same stress voltage as that
suitable for applications as gate dielectrics in MIS devices, used in the literature(

2
,

3
), a thicker film has to be

Nevertheless, silicon-rich PECVD nitride films have been considered. Bias temperature stress (+I5V, W0°C) results for
used in thin film transistors (TFT) with modest stability by sample SF#2, a 2150A thick nitrogen-rich film deposited at
limiting the maximum operating electric field to about or 350

0
C, before and after 4000C RTA, are shown in Pig. 1. VFB

below 3x10
5 

Vcmtl.(
2
,
3
) Recently, it was found that under of sample SF#2A (SF#2 as deposited) continued to shift in

some experimental conditions, nitrogen-rich films ,/x>1.33) the positive direction during BTS. However, VFB of sample
can be deposited by PECVD technique. It has also beenshown that nitrogen-rich films have less carrier trapping SF#2B (SF#2 after RTA) remained constant for more thanshownems tha nitron-rich filmshaveless crerhere r in 10 hours during BTS. This is true over a wide temperatureproblems than silicon-rich films.(l.

4
) We report here on rnefo 5ct 0C h datg fte40CRAi

the investigation of the electrical stability of these films as range from 25
0

C to WC. The Advantage of the 400
0

C RTA is
gate dielectrics in metal-nitride-semiconductor (MNS) therefore very significant. This is excellent when
devices with Al-a-SiNx:H-n-Si capacitor structures and compared with +12V BTS results on 3000-5000A thicksilicon-rich nitride films in the literature.(

2
,
3
)

explore the possibility of enhancing film properties by

rapid thermal annealing (RTA).

Experimental References
The silicon nitride films of this study were deposited 1. B. L. Jones, J. Non-Cryst. Solids, 77/79 957 (1985).

by PECVD technique from undiluted silane and ammonia 2. M. J. Powell, in "Comparison of thin film transistor and
gas mixtures on n-type silicon wafers chemically cleaned SOI technologies", eds. H. W. Lam and M. J. Thompson,
by the RCA method. The deposition conditions such as Materials Research Society Symp. Proc., 3l, 2S9
deposition temperature Ts, RF power density Prf, the (1984).
ammonia to silane flow ratio and the pressure P togetler 3. K. Hiranaka, T. Yoshimurs and T. Yamaguchi, 1. App.
with the resulting chemical composition in terms of Si/N Phys., §2, 2129 (1987).
ratio and hydrogen concentration CH are summarized in 4. J. Kanicki and P. Wagner, Proc. Symp. on Silicon

Table I. After film deposition, aluminum dots were Nitride and Silicon Dioxide Thin Insulating Films, eds.
deposited by magnetron sputtering onto the top surface of V. J. Kapoor and K. T. Hankins, Electrochemical Society,
the nitride films. Each sample was subsequently cut into 97-10. 261 (1987).
three or more pieces: one for control, one for 400

0
C and

the other for 600
0

C RTA, respectively. RTA was usually
performed for five minutes with an AG 210 heat pulse
system. It was found that after 600

0
C RTA for five minutes

in Ar, either before or after Al gate deposition, most of the
samples became very leaky. However, most of the
investigated samples remained highly insulating after
400

0
C RTA for five minutes. Consequently, only the

results before and after 400
0

C RTA are discussed. The
flatband voltage (VpB), the hysteresis in flatband voltage
(4VH), the density of fixed charge (Nf) and the mid-gap
interface states density (Nmg) were deduced from low

frequency (10Hz) and high frequency (IMHz)
capacitance-voltage (C-V) measurements At room
temperature for 0 to -20V sweeps. Electrical stability was
evaluated by performing bias temperature stress (BTS)
experiments.
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TABLE I

The deposition parameters and the resulting chemical composition of PECVD a-SiN.:H films

T. Prf N113/ Pressure C11
Sample (IC) (Wor

" 
) Sill 4  (Torr) SiUN (aL %)

SFMNSNI 250 0.047 3 0.43 I

SFMNS#2 250 0.047 )2 0.43 0.62 37.4

SFMNS#4 400 0.047 12 0.43 0.62 31.5

SFMNSa5 500 0.047 12 0.43 0.62 23.0

SF#2 350 0.21 15 0.43 0.61

TABLE 11

Some electrical properties of PECVD a-SiNs:ti films before and after 4000C 5 min. RTA

Thickenss RTA (400C VFR AV" Ns Nin
Sample (A) 5 mini) 0 ) (V) ,,. 2) (c -

2
eV-

1
)

SFMNSCIA 950 No -4 5.5 1.7O1
2  

-102

SFMNS#IB 950 Yes -3.5 10.5 1.6.1012 -I
l

SFMNS#2A 800 No -7 3.0 3.5,i 012 -1012

SFMNS#2B g00 Yes -1.3 3.5 7x0ol -loll

SFMNS#4A 800 No -10.2 1.5 5.9.
1
12 -1012

SFMNS#4B g00 Yes -3 2 1.5s1012 -loIl

SFMNS#5A 900 No -5 3.5 26.1012 1011

SFMNS#5B 900 Yes -7 5 3 2.1012 -l1ll

SF#2A 2150 No -to 1.8 1411012 _112

SF#2B 2150 Ye, -55 0.5 7.O0
11  

10

6v"

(v) Sossple SF#2

5

4-

3-

2 / As deposlsd

u After 400
0

C 5msn
post -metollizflon PTA

0 2 4 6 0 (0 t2 4 t6

t (hI

Figure 1. The flatband voltage shift AVFB under

.1 5V 80
0

C BTS of a MNS capacitor with
a nitrogen-rich PECVD silicon nitide
film before and after 400OC 5 min. RTA.
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Silicon Dioxide and Silicon Nitride Films in -. face to small amounts of charm, even
Inteorated Circuit Technology such a small density of electrically

act;ve defects is undesirable. The
defects are minimized by annealing,
described in the talk, to acceptable

Edward H. Nicolllan levels of about one defect in about
University of North Carolina at Charlotte, 100,000 silicon atoms. The defect

Charlotte, N.C. and Microelectronics Center of densities can be maintained at such low
North Carolina, Research Triangle Park, N.C. levels by encapsulation with a thin film

of silicon nitride.

1.0 Introduction 3.0 Silicon Nitride

Emphasis in this talk will be on Because silicon nitride is a much
silicon dioxide and silicon nitride films denser material than silicon dioxide, it
because these two dielectrics are the is used as an oxygen barrier or mask in

pest widely used in modern integrated integrated circuit fabrication, and a
circt,it technology. Their uses and the sodium barrier to maintain integrated
chr ical and electrical properties that circuit stability against environmental
resul

- 
in their widespread use, and the contamination during operation. Used as

methrdt ef preparation that produce the an oxidation mask, it is possible to haveP ti-s desired are the rajor topics oxide isolation rather than junctiono h this ele. isolation resulting in reduced device
size. The oxidation masking feature also

2.0 Silicon tioxide allows self-alighment and simplifiedmasking that translate into higher yields

'he thermal oxidation of silicon is and lowered costs. The most commonly
one if the key processes of modern used method to deposit thin films of
inteorated circuit technology. No known silicon nitride is chemical vapor
insulator - semiconductor system can be deposition from a gaseous mixture of
f:oricated with electrical properties either silane or silicon tetrachloride
that maximize transistor and diode diluted to 1-3% in hydrogen and ammonia.
performance, yield, and stability to the The volatile silicon compound, silane orsame extent as the thermally grown silicon tetrachloride, reacts with the

silicon dioxide - silicon system. ammonia at temperatures above 850 o C to
Thermally grown silicon dioxide is used: form silicon nitride which then deposits
(I) to passivate or render the silicon on the substrate to form a continuous
surface electrically neutral and inert in film.
planar bipolar transistors and p-n
junction diodes, (2) for gate dielectric
in unipolar transistors, (3) to isolate
one device from another, (41 to isolate
multiple levels of device interconnection
from one another and from the substrate,
and (5) as a mask against dopant
impurities during integrated circuit
processing.

Thermal oxides are usually grown in
a resistance heated furance held at a
temperature around 1000 C bv a
temperature controller, a cylindr cal
fused quartz tube in which the silicon
wafers are placed, and a source of either
pure dry oxygen or pure water vapor. it
has been experimentally demonstrated that
an oxidizing species moves throuch a
previously grown oxide film and reacts
with the silicon at the silicon-silicon
dioxide interface. Therefore, the
valence bonds of the slicon surface
atoms are satisfied by the silicon atoms
below the surface and by ox h, atoms
above the surface. However, a sma l
density, typically one atom in a thousand
silicon surface atoms, of electrically
active defects is observed. Such defects
are likely to be formed becaisi, the oxide
occupies a volume about 2.2 times the
volume of the silicon from which it
forms. Defects are formed to accommodate
this volume expansion. Because of the
extreme sensitivity of the silicon
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Oxide Thickness Dependence of Nitridation
and Oxidation Reactions at a Si-SiO 2 Interface

S. 1. Raider
IBM T. J. Watson Research Center

Yorktown Heights, N.Y. 10598

Deal and Grove (1) proposed that oxide growth rates are
separable into two oxide thickness regimes. In their model,
growth of thick oxides is limited by oxygen diffusion to the
interface whereas growth of thin oxides is limited by the
rate of the interfacial reaction and is independent of oxide
thickness. However, during thin oxide growth in dry 02,
the oxidation rates deviate from this model (1). An
anomalously high growth rate is observed which decreases
with increasing film thickness. Many models were proposed
to account for the thin oxide growth rate dependence on
oxide thickness but no single model is generally accepted.
This remains a key unanswered question in Si oxidation
kinetics.

The effect of SiO2 film thickness on alternate reactions
at a Si-SO, prnbes tbse factors that affect thin S;0 2
growth. The reaction between Si and Si0 2 , in which the
reactants are at the interface, is dependent on thermal oxide
film thickness (2). Similarly, the nitridation reaction at a
Si-SiO 2 interface with N 2 is thickness dependent (3).
Reactant transport to the interface is not rate-limiting for
either reaction. The observed thickness dependencies are
separable into two oxide thickness regimes that are compa-
rable to the regimes in the Deal and Grove model. A
mechanism, which is applicable to thin oxide growth in 0 2,

is proposed for the thickness dependencies of the interfacial
oxidation and nitridation reactions.

References

1. B.E. Deal and A.S. Grove, J. Appl. Phys., 36, 3770
(1965).
2. S.I. Raider, unpublished results.
3. S.I. Raider, R.A. Gdula and J.R. Petrak, Appl. Phys.
Lett., 27, 150 (1975).
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THIN GATE OXIDES GROWN IN ARGON DILUTED improvement in the pinhole density (In T
OXYGEN WITH STEAM AND HCL TREATMENT exp [-AD], Y yield, A - area, D * defect

Frank Bryant end Fu-Tel Liu density) using a total test area of over 10

SGS-Thomson Moe lctronies cm2 per sample wafer. A 70 times improve-
Sirolement is seen in the 3000 hour defect den-1310 Electronics Drive, MS2200 sity, about 35 FITs calculated from the DDB

Carrollton, Texas 75006 t3FT acltdfoteTD
21a/466-6000 plots. Field breakdown distributions from

small capacitors gave us comparisons of the

intrins i breakdown of the oxides. Small
Introduction capacitors on the as grown test vehicle as

well as the capacitors built with fully
The effects of shrunk process technologies processed devices have higher field break-

T down values when the oxides are grown with
at constant gate operation voltages on the the steam! anneal techniques rather than in

quality requirements of gate oxides has

provided an enormous challenge to state of dry oxygen.

the art technology in semiconductor manufac- I-V curve comparisons of dry and steam!

ture. This paper presents the results of an anl re o ides of dry diseam/

effort to Improve gate oxide quality through anneal treated oxides show little difference

process modification with the goalto ro- in Fowler-Nordheim electron tunneling at
p r o e s s m o d f i c t i o w i h t e g a l t o p r o - v o l t a g e r a m p r a t e s o f 0 .7 v o l t s / s e c o n d .

vide a manufacturable growth technique for

thin gate oxides around 175A with the use of CV measurements were taken before and after

dilute steam treatment during the oxidation, several current density stresses (2E-4

followed by an anneal in dry oxygen. amps/cm2 range) were applied to capacitors.

Vfb shifts and voltage drift to maintain a
Experimental Methods constant leakage current through the oxide

show that the steam/anneal oxides have lower
Theelectron trap densities than the dry oxides

ability determination by ramp voltage to (4,5). Constant leakage current tests also

breakdown (1,2) was extensively used for showed longer times to fail for a given
first order growth technique comparison, current density for the steam/anneal oxides.
Also used were a forced current method while Transistors built to 0.8 um CMOS technology
monitoring the voltage across the oxide in with the experimental technique show little
time, before and after stress I-V compari- difference in the Vt, Gm or BVDII from
sons, and Vfb shifts after constant current standard process. The breakdown fields of
stressing. Finally, transistors were built stand proces the breado s ofand erfrmace ompaisos wre ade n+ and p. finger structure capacitors on the
and performance comparisons were made completed devices also are similar between
between standard gate oxidation process the dry and steam/anneal growth techniques.
techniques and experimental techniques.

A range of capacitor sizes from 6.35E-2 co2 Summary

to 6.35E-4 cm2 was constructed on silicon A thin gate oxide process has been developed
wafers to examine as grown oxide quality. ad illustrated, which improves 0.8 us CMOS
The capacitor edges terminated on thick an d ad reiability. The grOt

oxide to prevent influence from high fields technique used to improve the gate oxide
at the top capacitor plate edge. A two quality involves a diluted oxygen in argon

photomask sequence and standard process seat in ning oflte owth cycle,
technique was used in fabrication. The step at the beginning of the growth cycle,

samples were processed together except at followed by the tddstion of hydrogen and
th oiato sepbu hesaech~~e lorine. The third step of oxidationthe oxidation step, hut the same equipment

was used to grow the various oxides. once involves an anneal in dry oxygen before the
an as grown oxide quality improvement was ramp down in argon. The stability of the DC

parameters of the CMOS transistors is
seen on the capacitors, transistors were believed to be due to the fact that the

built using a G.8um CMOS technology to Interfaces are of oxides grown from dry
examine the oxide's sensitivity to full
process. Also examined was the influence of oxygen.

the oxidation technique on the operation References
parameters of the transistor.

(I) A. Berman, 19th Annual Proc. Rel. Phys.
Results and Discussions Symp., pp. 204-209, 1981.

(2) F. Bryant, F.T. Liou, T.P. Han, J.3.
Field breakdown distributions from large Barnev, -Thin Dielectric Quality/Yield Study

capacitors were used to generate TDDR plots Using a Constant Voltage Ramp Method,-

based upon the assumption that the time submitted for publication.
required for dielectric breakdown of an

oxide depends exponentially on the applied (3) J.W. McPherson, D.A. Baglee, Proc. 23rd

electric field, i.e. log t(F)-logt (R) Y[Eb- Annual IEEE/IRPS, 1985.
Ea; hre (R 1(nl) (~ rap (1) 0.J. DiMaria, Proc. International=Ea); where: t(R) . 1/(ln10) ( Y') (ra MP Topical Conf. Phys. S102 and Its Interfaces,

rate), -Y- - the field acceleration factor pp. 160-178, 1978.

(3), Eb - the breakdown field and Ea . the ( 601. 1978.

desired operating field. By this method, A (5) "Eeer, 1 .

5V oxide pinhole density and latent defect
densities from TDDB plots, for the as grown
oxides could be determined. The steam/
anneal treated oxides have a two-fold
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A graph of calculated defect density for each of the
THE ROLE OF SACRIFICIAL OXIDATION ON different area test structures against the edge/area ratio
THE INTEGRITY OF THIN (20nm) GATE OXIDE. is shown in Fig. 3 for some of the results shown in Fig. 2.

It appears from Fig. 3 that the edge to area ratio is the
Iftikhar Ahmed, Hussein Naguib, and Carlos Gomez controlling factor for increased defect density for small
Xerox Microelectronics Center, 701 South Aviation area devices. It may also be concluded that the edge
Blvd, El Segundo, CA 90245 defects are the dominant defects removed after sacrificial

oxidation process. This extreme edge/area dependence of
small area devices accounts for the data point deviation

INTRODUCTION from graph lines of Fig. 2 for oxides without sacrificial
oxidation process compared to the oxides with sacrificial

The oxidation process recipe is an important factor in oxidation process. Straight line behavior of data points in
determining the integrity of thin gate oxides (1). A Fig. 2 further shows that simple Poisson distribution
sacrificial oxidation step before the gate oxidation of function is adequate to 'valuate the gate oxide defelt
MOS devices is also known to improve the oxide densities from results of thin gate oxide ( T_ 200 A)
integrity(2, 3, 4). However, the relative improvement in experiments.
gate oxide integrity from different gate oxide processes
in conjunction with different sacrificial oxidation Table 3 summarizes the results of average defect
processes is not known. To this end, experimental splits densities obtained for each split performed. The relative
with two different sacrificial and gate oxidation improvement in dry oxide defect density after sacrificial
processes were performed. The splits included wafers oxidation process is significant compared to wet oxide.
which were slightly damaged by reactive ion etching Unlike dry gate oxide results, the defects from wet oxide
during nitride etching process after field oxidation step do not seem to have been removed significantly after
(4,5). sacrificial oxidation process. These results indicate that

the defect removal after the sacrificial oxidation process
It is shown that the gate oxide integrity is a function is a strong function of final gate oxidation recipe. In

of sacrificial oxidation process as well as of the final gate these splits two different sacrificial oxidation recipes
oxidation recipe. Improvements in gate oxide breakdown were used as shown in Table 1 and Table 2. One of these
was observed for slight etching(20nm) of silicon in had no anneal and had short wet oxidation process
agreement with results reported in reference (3, 5). compared to the other recipe. Despite these differences,

no advantage of one of these recipe over the other in
EXPERIMENTALMETHODOLOGY removing defects from gate oxide was observed,

indicating that the final gate oxide recipe is relatively
A specially designed test structure containing large more important in removing the defects from these

number of MOS capacitors with areas ranging from 0.01 devices.
mm2 to 10 mm

2 
was used in this work. The devices were

fabricated by growing first an i,Jtial pad oxide of 250 A Another important split for this lot has been the
thickness on p-type <100> 20 fl-cm resistivity wafers. silicon etching at the nitride etching step after field
A CVD nitride film of 1200 A thickness was deposited oxidation. The results for this split are shown in Table 3.
and patterned to define field oxidation windows on Apparently a marked improvement in oxide breakdown
silicon prior to gate oxidation process. To simulate a is observed after silicon etching. These results are in
CMOS fabrication cycle, an n-well ion implant was agreement with results reported by Itsumi et al and D.
carried out with doubly ionized phosphorous ions at Jullie (3, 5). A cautious conclusion is that the slight
beam energy of 300 KeV. Also, a phosphorous n-well silicon surface etching can help improve the thin gate
field implant was performed at 40 KeV. The ion oxide integrity.
implantation was followed by a dry oxidation cycle at 900
OC for 150 minutes and a well drive cycle in N2 at 1150 °C CONCLUSION
for 140 minutes. Boron field implant was then performed
at 65 KeV, followed by field oxidation cycle at 1000 IC for The greatest impact of sacrificial oxidation process is
approximately five hours, observed on gate oxide grown with dry process compared

to wet process as most of the non random defects are
After field oxidation, the wafers were divided into completely eliminated from oxide after sacrificial

three groups and processed according to the schematics oxidation process. No significant difference in oxide
shown in Fig. 1. Tables 1 and 2 show the sacrificial and integrity is observed if sacrificial oxidation recipe is
gate oxidation recipes used for this split. At the end of changed from wet to dry/wet oxidation recipe with or
the gate oxidation, the wafers were combined together without anneal. It is also shown that gate oxide integrity
and processed as a single lot. After polycide (CVD is improved if there is slight etching of silicon prior to
WSi/poly) and cap oxide depositions, contact windows gate oxidation process. However, no further
were opened to polycide gate for electrical improvement in gate oxide integrity is observed with
measurements. A forming gas anneal was done at 450 IC sacrificial oxidation process once the reactive ion etching
for 20 minutes before measurements, of silicon has taken place. Finally, it has been shown that

simple Poisson distribution is quite adequate for defect
The oxide breakdown (V ) measurements were analysis of thin gate oxide.

performed on Kiethly system 3A) parametric tester. The
voltage was increased in 1 volt steps until a current of ACKNOWLEDGMENT
.lur was reached. This was taken as the breakdown
criterion for 20am thick oxide. A mean breakdown The authors are greatly indebted to N. Matz for her
voltage of 18 volts was obtained for good devices, assistance in oxide breakdown measurements.
However, for statistical analysis of breakdown data, a
V., of 15 volts was taken as 80 % yield value for the 20 REFERENCES
nm thick gate oxide.

1 R. G. Cosway; J. Electrochem. Soc., 132.3052, (1985).
RESULTS AND DISCUSSION 2 H. S. Lee; Solid State Electron., 29,25, (1986).

3 M. Itsumi and F. Kiyosumi; J. Electrochem. Soc.. 129,
A total of 28,000 devices were probed and analyzed for 800, (1982).

this experiment. The defect densities were calculated by 4 N. Liftshitz; J.Electrochem.Soc., 130, 1550, (1983).
plotting yields vs device area for different recipes as 5 D. Jullie; J. Electrochem. Soc., Ext. Abs., 681, 962,
shown in Fig. 2. Poisson distribution function was used (1987).
to calculate the defect densities.
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Field Dry gateoxide without
oxidtiosacrifici I o'des

Dry gate oxide with
Overetch nitride [Etch nitride and Defects/ sacrificial oxide

silicon, stop at pad oxideuntae

0EFdge/Area ratio (mm'I 4

oxidation oxidation Fig. 3 Change in defectcensity with respect to change in

the edge to area ratio of MOS devices.

ContinueTable 1. Sacrificial oxidation recipes

Dry/wet Dry oxidation in Oat 900aC for 5mcin
recipe Wet-oidation ix&' + If,+ DCI for 5mix.

Fig. 1 Schematiess of the splits used to study sacrificial Anneal in Nat 9000 C for I5 min
oxidation effects on gate oxide quality.

Wet Wet oxidation inO0-t+H, +IICt for 11.5 min at 800 Ci
recipe Noanneal

to Defects=-7 Dic.~-

Table 2. Gate oxidation recipes

Dry gate. Dry oxidation in 0, -c CI at 950'~C for 22 mix
D)efects 7 14I)/cna oxide recipe Anneal in N, at 956 TC fort15 mi.

Wet gate Wet oxidation in0 +~ H12+ IICI for It 5at 850 'C

(A)oxide recipe Anneal in N at 100T for 20 maix
(A) - IDefect-~15 D/c.x&

10 I 1 1 1 l i l '
a Device area tl')mm' 15

I___Deets6__ c Table 3. Defect densities tabulated againsit the
-- Defects. im splits performed in this experiment.

Split type Defect
density

YedWet oxide with 1.0

Defecs 9 /eM2sacrificial oxide

10' - z:Wet oxide without
(B) Defects =10 D/eM

2  sacrificial snide to0

to ~Dry oxide without 1
10J L I sacrificial oxide 1

0 Device area (*10'I mm' 15_________

Fig. 2.ypicalDry oxide aith 0
Fg .yiaplots of yield vs device area of different sacrificial axide0.

wafers from the same lot. Each straight line
re'resents data from a single wafer. A): Dry gate Etched silicon with 0
oxtde without sacrificial oxide. Dotted lines show arCatsc0
two slope behavior of plotted data. B): Dry gate
oxide with sacrificial oxide. Note the reduction in Etched silicon without
defect density and collinearity of data points for sacrificial snide 04
group (B) compared to group (A) wafers.
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Vacancy Generation at the Si/SiO 2  and Si3N 4/SiO 2 was observed as the samples were

Interface Caused by SiO Formation further annealed at IO0 °C in Ar.

Figure 2 shows a junction profile with P. P dif-

S. T. Ahn, H. W. Kennel, J. D. Plummert and fusion under the thin Si0 2 film is retarded com-

W. A. Tiller pared to that under Si 3N4/SiO2 , while Sb shows

the opposite behavior. It diffuses faster under
Department of Materials Science and Engineering SiO 2 than under Si 3N4 /SiO 2 , as shown in Fig.

Sngrd Cirits Ltaor ry CA93. The change in the average stacking fault size
with annealing time under Si0 2 and Si3N 4/SiO2 is

shown in Fig. 4. Stacking faults under thin Si0 2
At high temperatures and low oxygen partial shrink much faster than those under Si 3N4/SiO 2.

pressures, the decomposition of SiO 2 can occur by The dopant diffusion and stacking fault results
reacting with Si supplied from the substrate to obtained here strongly suggest that there is a va-
form volatile SiO, Si + SiO 2 -* 2 SiO[11-[3]. As cancy supersaturation in Si under the SiO 2 film
Si atoms cross the Si/Si0 2 interface to form SiO, annealed in Ar at high temperature and that it
excess vacant lattice sites will be left. Thus, the is the result of vacancy generation at the Si/Si0 2
Si/SiO? interfoce could act as a vacancy source interface by SiO formation. The presence of Si 3N 4
when annealed in an inert atmosphere at high on Si0 2 is expected to suppress SiO formation by
temperature. A vacancy supersaturation in Si blocking outdiffusion of SiO.
would lead to retarded diffusion of P and enhanced This work was supported by the Defense Ad-
diffusion of Sb, since P and Sb are known to diffuse vanced Research Projects Agency (DARPA) and
predominantly by interactions with self-interstitials the DOD VHSIC Program under Contract No.
and vacancies[4], respectively. It would also lead DAAL 01-86-K-0101 and by the Semiconductor
to an accelerated shrinkage of extrinsic stacking Research Corporation under Contract No. SRC
faults[5]. It is the purpose of this work to identify 87-SJ-101.
if there is vacancy generation during SiO forma-
tion by observing P and Sb diffusion and stacking References

fault shrinkage.
For the dopant diffusion studies, a dose of ei- [1) C. Gelain, A. Cassuto, and P. LeGoff,

ther 10' 4/cm 2 P or Sb were separately implanted Oxid. Met., 3, 139 (1971).

into p-type float zone (FZ) silicon wafers. Af- [21 R. Tromp, G.W. Rubloff, P. Balk, F.K.
ter growing an oxide of about 40 nm thickness, LeGoues, and E.J. van Loenen, Phys. Rei,.
LPCVD Si3 N4 films were deposited and patterned. Lett., 55, 2332 (1985).
The resulting test structures had P or Sb uni-
formly implanted and alternating stripes of SiO 2  [31 K. Hofmann, G.W. Rubloff, and R.A. Mc-
and Si3N4 /SiO 2, as shown in Fig. 1. The anneal- Corkle, App. Phys. Lett., 49, 1525 (1986).
ing was done in Ar at 1100°C for 8 h. Junction [4] T.Y. Tan and U. Gbsele, Appl. Phys., A
profiles were subsequently observed by the angle- 37, 1, (1985).
lapping and staining technique. For the stacking 1 Y. Hayafuji, K. Kajiwara, and S. Usui. J.
fault experiment, large stacking faults were ob-
tained by Si + implantation with a dose of 5 x Appl. Phiy,. 53, 8639 (1982).

1013/cm 2 followed by thermal oxidation at 1100°C
for 12 h. Stacking fault shrinkage under thin Si0 2
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Si3N4 S020

SiO34/i 2

0

0

0

Figure 1: Test structure for dopant diffusion.

0 4 8 12

20OOPM Annealing time (h)

Nr: i3 N4 /,
SiO2  SiO2  Figure 4: The change of the size of stacking faults

in Si under SiO2 and Si3 N4/SiO 2 with annealing

time at 1100'C in Ar.

~~A

Figure 2: Phosphorus junction profile after an-

nealing for 8 h at 1100'C in Ar.

Figure 3: Antimony junction profile after anneal-

ing for 8 h at 1100*C in Ar.
403J



Abstract No. 284

Film Stress and Atomic Misfit Effect on Dopant Junction For arsenic with an implantation dose of I 1016/CM2
Profiles in SiliconFoareiwihaimlnaindsof1×11/m

on (100) wafers, no junction profile abnormality can be found
even at LPCVD nitride/pad oxide ratios which yield effects with

C.K. Huang and RJ. Jaccodine boron and antimony. Typical arsenic out diffusion can be ob-
Sherman Fairchild Center for Solid State Study served only after a long annealing time.

Lehigh University, PA 18015

The results obtained here show clear evidence of dopant
species and concentration dependence of junction profiles in
window regions. It is plausible that the observed junction

In VLSI processing, thermally grown SiO2 is extensively profiles for boron and antimony are related to the film edge in-
used as a dielectric film and LPCVD nitride (Si3N4) is used as a duced elastic stress field on the substrate. However, it is ob-
passivation or isolation layer. However, LPCVD nitride is served that the combination of atomic misfit and film edge
known to be in a state of high intrinsic film stress which can not induced stress can exceed the critical shear stress of silicon and
be relaxed even at 1000"C. Hence, direct deposition of nitride hence generate dislocations. The observed abnormal " cuspon bare silicon is shown to generate 'disoain t reen heegnraedsotis.T berdanrml"upobt islocations 12or even for boron and "

down cusp " for antimony are accumpanicd by a
crack the wafer 3 if film thickness is not properly controlled. very dense array of dislocations along the film edge. It is
Therefore, a pad -ide is used to reduce or compensate the proposed that the observed effects are related to the influencestress resulting from LPCVD nitride. Even though a pad oxide of combined misfit and window edge stresses as well as the
can effectively reduce the stress from LPCVD nitride, the dis-
continuous film edge has been shown by x-ray topography 4-7 generation and movement of dislocations.
or x-ray diffraction theory on Pendell6sing fringes - to intro-
duce stress in the substrate which can not be eliminated at high
temperature. Another common stress source in VLSI process- REFERENCES
ing is atomic misfit which results from the tetrahedral radius
difference between an impurity species and the Si matrix. Mis- 1. S. lsomas, Y. Tamaki A. Yaiima, M. Nanba aid M. Maki, .
fit dislocations are generated t112 with increasing impurity Electrochem Soc.,126, 1614 (1979).
concentration. This stJy is designed to reveal the combined 2. 1. Magdo and A. Bohg, J. Electrochem. Soc.,125, 932 (1978).
effect of film edge and atomic misfit on dopant diffusion. 3. S. Wolf and R.N. Tauber, SILICON PROCESSING FUR

THE VLSI ERA, Vol.1 : Process Technology , Lattice Press
Unset Beach,CA,1986, P.109.

In order to reveal film edge effects, a mask with dif- 4. I.A. Blech and ES. Meieran, J. Appl. Phys.,39, 2913 (1967).
ferent window widths ranging from 200pm to 1.n is used. The 5. G.W. Schwuttke and JK. Howard, J. Appl. Phys.,39, 1581
film is composed of LPCVD nitride/pad oxide layer with thick- (1968).
ness ratios vaiying from 1.1 to 7.0. Dopant species (boron, ar- 6. J.R. Patel and N.Kato, Appl. Phys. Lett., 13,40 (1968).
senic, and antimony) are implanted uniformly into the substrate 7. E.J. Saccocio, Appl. Phys. Lett.,17, 149 (1970).
before the windows are open. The annealing is always carried 8. N. Kato and J.R. Patel, J.Appl. Phys.,44, 965 (1973).
out in N2 atmosphere in a double wall furnace system. This se- 9. JR. Patel, and N.Kato, J. AppI. Phys.,44, 971 (1973).

eallows us to compare directly thediffusion at window 10. Y. Ando, J.R. Patel and N. Kato, J. Appl. Phys.,44, 4405
quence c(1973).
edges with a control area under the dual insulators. 11. S. Prussin, J. AppI. Phys., 32, 1876 (1961).

12. HJ. Queisser, J. Appl. Phys., 32, 1776 (1961).

Figure 1 shows a typical angle lapped and stained boron 13. C.K. Hungand RJ. Jaccodine, Appl. Phys. Lett., to he
junction profile with an implantation dose of 3 x 101 /cm

2 
on published (1988).

(100) wafer. Thickness ratio of LPCVD nitride and pad oxide is
6.5 and window width is 200g.m. Retardation or "cusp" junction
profiles are observed at the vicinity of film edge. The interac-
tion of adjacent film edges on junction profiles was observed 13

with decreasing window width. This retardation or cusp junc-
tion profile is mainly observed at an implantation dose above 3
X 10 and for nitride/oxide ratios larger than 4.4.

Figure 2 shows similar test structure of antimony junc-
tion profiles with an implantation dose of 2.5 x 10'

5
/cm

2 
on

(111) wafers. The LPCVD nitride/pad oxide ration is 3.3 and
window width is again 200,n. Enhancements or "down cusp"
junction profiles were observed. This effect is opposite to
boron. With thinner nitrides, no such enhancement was ob-
serveul.
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Window Open
Region Window Open
200im Region

200,am

2Rmegion

Figure 1. The window edge effect on boron junction Figure 2. The window edge effect on antimony junction
profiles. Thickness ratio of LPCVD nitride and pad oxide is 6.6 profiles. Thickness ratio of LPCVD nitride and pad oxide is 3.3
( 3172A/484,k ). Window width is 

20 0
,dm. Retardation or ( 3025A/922A ). Window width is 200m. Enhancements or

"cusp" can be observed at the vicinity of film edge. Lapping "down cusp" junction profiles exist at the vicinity of film edge.
angle 0.33

°
. Magnification :200X. Lapping angle : 0.20'. Magnification: 200X.
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LPCVV OXIDE FILM EVALUTION FOR INTERMETAL would be expected from absorption of
DIELECTRIC moisture into the bulk of the glass.

Finally, LPCVD oxide films dipped in a
S. Mittal, C. Chiang, R. Hsu, L.C. Yip , buffered HF solution immediately prior to

D. Fraser, and A. Haranahalli metal deposition (to remove -1000A of 2 the
glass surface) resulted in improved R of

Intel Corporation the Al-Si by approximately 0.5, again,
Santa Clara, California 95052 indicating high surface concentration of

moisture. To better understand the
*currently at U.C. Berkeley, California. mechanism by which phosphorus concentration

in the glass substrate affects metal

quality we are undertaking moisture emission

INTRODUCTION analysis and further FTIR measurements of
In this work, LPCVD oxide films have these films.

been evaluated for use as an intermetal
dielectric film. For use as an intermetal CONCLUSIONS
dielectric, the LPCVD film must meet Phosphorus concentration of LPCVD oxide

2equirements of good integrity and not film substrates was found to have a strong
affect susbsequent metal quality. This work effect on subsequent metal film quality.
was initiated because LPCVD film substrates According to the proposed model, the
were found to degrade the quality of metal absorption and subsequent outgassing of

deposited on the glass. Degradation of moisture at the surface was found to degrade
metal quality by LPCVD oxide substrates has metal quality on low phosporus

been previously observed (i). The degraded LPCVD oxide substrates.

metal film quality was reflected in poor
electromigration performance of the metal ACOWLEDGEMONTS
lines. Thanks to M. Rebugio for doing the R

2

and reflectance measurements on the metal.

___I____NT Also, thanks to J. PF, for helping with the

Low temperature LPCVD oxide films of LPCVD depositions a: STIR measurements, and

varying phosphorus concentrations (0%, 2%, to N. Cox for moista- emission analysis.
4%, and 8%) were deposited on bare Si wafers
with an vertical LPCVD reactor. Stress and REFERENCE
FTIR spectrum of the LPCVD oxide films was 1. Y.S. Lin, Private communication, 1987.

monitored as a function of time from
deposition. Al-l%Si was sputtered on
another set of oxide wafers which had been
allowed to "age" in air for different
periods in time. After Al-l%Si deposition,
theireflectance and residual resistance2
ratio (R ) of the metal was measured. R- is
the ratio of metal sheet resistance at room
temperature to that at liquid nitrogen
temperature. T

RESULTS 0
Metal film quality turned out to be the

most sensitive monitor of LPCVD oxide
s~bstrate integrity. The variation in Al-Si
R with phosphorus concentration in the
oxide substrate is shown in Figure 1. The 8%
P oxide did not appear to degrade metal film
quality at all, while the 4% P oxide 

% P in LPCVD Oxide

substrate resulted in the worst metal film
quality. Stress measurements showed no Fig. 1: R

2 
of Al-l%Si as Function of

change in oxide film stress (20 MPa to -20 Phosphorus Concentration in LPCVD Oxide.
MPa) for any of the films over a period of
three weeks. Also, the stress temperature
ramp for the 0% P glass showed no hysteresis
as a function of temperature (room a

temperature to 600C) as shown in Figure 2.
FTIR spectrum showed the presence of -OH in - .. s..f. I

all the LPCVD oxide films except for the 8% 0.
P glass. Even after 3 weeks of exposure to 0 1 L
air, the FTIR spectrum of the 8% P oxide

film showed no -OH peaks. .

The model to explain this behavior is n

that the moisture c icentration is
significant only near the surface of these
LPCVD oxide films and this moisture appears
to be loosely bonded to the glass. During . , . . . * . . ...
subsequent metal sputter deposition, the
moisture outgasses and results in poor metal Temperature, C

film quality. Since the moisture exists Fig. 2: Stress Temperature Ramp for 08 P
predominantly close to the glass surface, it LPCVD Oxide.
does not significantly affect the oxide film
stress and make it more compressive, as
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It is concluded that the same processes are operative in bothOxygen Diffusion in Vitreous Silica and Thermal bulk vitreous silica and thermal oxide films although the relativeOxide Films rates of the process differ somewhat in magnitude.

James D. Cawley Electric Potential Development Across Growing
D ent of Ceramic Engineering Thermal Oxide

The Ohio State University Tracer results suggest that oxidation is solely the result of
2041 College Road oxygen motion via an interstitial mechanism, i.e. that oxygen

Columbus OH 43210-1 178 moving through the network does not contribute. It hypothesized
Introduction that this is observed because the network transport requires the

motion o fcharged defects while the interstitial t ransport is by
Despite the fact that oxygen diffusion in vitreous silica has been neutral molecules. If the transference number of the oxide is

widely studied over the past thirty year, contradictions continue sufficiently close to one a space charge will rapidly develop
to suJrface in the literature. Reported activation energies range which opposes the oxygen chemical potential gradient and the
from 82 to 454 ki/mol and the range in the absolute magnitude of driving force for network diffusion is restricted to the tracer
reported diffusion coefficients covers several orders of magnitude concentration gradient. Experimental measurements found that
at any particular temperature. In addition, it has been argued that significant voltages are developed across a thermal oxide scale on
the oxygen transport mechanism in thermally grown silica films is
qualitatively different than in bulk vitreous silica. As a result of a rod ofMoSi2 at temperatures on the order of 1000C indicating

oxygen- 18 tracer studies in bulk vitreous silica, double oxidation that this is a reasonable interpretation.
experiments on single crystal silicon, and determination of electric Depth (nm)
potentials generated during thermal oxidation of molybdenum 100 200 300 400 500 600
disilicide, we have concluded that oxygen is mobile by two 4000 I I I I I
independent mechanisms, one involving step wise motion within
the network oxygen and the other involving the motion of 3500

dissolved interstitial oxygen. The fractional concentration of 3000- 1
oxygen- 18 is not, in general, at equilibrium between the two r'Moss 16
types of oxygen. 2 500

Double Oxidation 2000

Two sets of double oxidation experiments have been carried 10 Ms I
out. In these experiments a sample of single crystal silicon is
oxidized in an atmosphere of natural oxygen to grow a thermal 1000
oxide film roughly one half micron, the atmosphere is then
switched to one enriched in oxygen- 18 and oxidation is allowed 500
to continue. The distribution of the oxygen- 18 within the final
oxide film is determined using either SIMS or NRA. 200 400 600 800

A SIMS profile (showing the absolute counting rates for

mass- 16 and mass- 18 as a function of distance) on a specimen tsogtrr(sec)
oxidized for 3.4 hr in natural oxygen followed by oxidation for Figure 1 Secondary ton Mas Spectrometry (SIMS) profile of an thesat
15 hr in an oxygen- 18 cnrichcd atmosphere at I COO°C is shown oxide fil grown under natural oxygen for 3.4 hours and an oxygeh- IS
in figure 1. Two regions of oxygen- ,tirichment are observed: atmosphere fr 15 hours at I00"C.
one near the free surface of the thermal oxide and the other at the I-e,-t.r
interface between the silicon and the oxide. The enrichment near 0. 9 --
the free surface is ascribed to gas exchange and diffusion via the 0.,
network oxygen. The enrichment near the silicon is ascribed to .......

permeation of the thermal oxide by interstitial oxygen which does 4.
not undergo a tracer exchange reaction with the network. This o.s
indicates that oxygen is mobile by two distinct mechanisms in the Z 0.5
glass structure. As such it is appropriate to model the 0.4
development of the concentration profile as the sum of two
independent solutions to the diffusion equation.

More recent work has shown that at temperatures in excess of 0.2

I 100°C substantial network-interstitial isotope exchange occurs, 0.a
as can be seen in figure 2. The consequence of I
network-interstitial exchange is to add an additional term in the 5 roe 30s am M U5 Soo e no

govering parial differentil equation: Fire 2. A SIMS profile of an thermal oxide film grown under natura

oxygen for 3 hours and anoxyget-18 atmosphere for 14 hours at 1200"C.

---__ D --- + (C-.) The dashed line represents the best fit to the profile saint a slution to the

at )
2
X diffusion equation which accounts for network-intertitiai exchange.

A solution to this equation, involving three constants: a surface
exchange coefficient; a network oxygen diffusion coefficient, D, o a
and a network-interstitial exchange coefficient, B, was developed,
analyzed, and applied to the observed concentration profiles. 0

Self-Diffusion In Vitreous Silica
Gas exchange experiments were carried out with high purity 0

bulk vitreous silica samples over the temperature range of
800-I 200*C. The resultant oxygen- 18 profiles are qualitatively 2
consistent with the results obtained from double oxidation. o,
Samples exchanged at low temperatures have concentration 0
profiles which are well fit by a complementary error function o f a 0 1 , .
while those exchanged at high temperture (see figure 3) display a 'ear" a In.)

deeply penetrating low level "tail" as expected with Filure 3. A SIMS profile on a rumple of bulk viu ous silica (GE. 124) after
network-interstitial exchange. 24 hour exchange at I IO0°C. The "ail" is well described using a solution

which includtes network interstitial exchange.
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Infrared Dielectric Model for Silicon Dioxide AS2 mode is due to the mechanical coupling between these
Thin Insulating Films two modes and not to the transverse effective charge that is

associated with the AS2 mode which is negligibly small. The
nature of the vibrational modes at approximately 1200 and

C. T. Kirk 1256 cm
-t is resolved and shown to he the AS 2 TO and the

AS, LO modes, respectively, consistent with experimental
M.I.T. Lincoln Laboratory results and analytic requirements that LO and TO modes be

Lexington, MA 02173 interspersed and that as a result of lying between the LO-TO
frequencies of the AS, mode the LO-TO frequency splitting
of the AS 2 mode be inverted.

INTRODUCTION Comparison of these experimental LO-TO mode pair
This paper is concerned with the quantitative interpre- frequencies with the VDOS spectrum of a-SiO 2 shows that

tation of the infrared dielectric function of thin amorphous the VDOS spectral peaks correspond quite well with the AS,
silicon dioxide (a-SiO 2) films and AS2 TO absorption peaks and that no salient VDOS

With the discovery' of the longitudinal optic (LO- spectral features correspond with the AS, and AS 2 LO
transverse optic (TO) frequency splitting of the vibrational absorption peaks. The results of this comparison are con-
modes in tetrahedral glasses and a-Si0 2 in particular, certain sistent with a recently published numerical simulation study
problems have arisen concerning some of the infrared vibra- of LO-TO frequency splitting of vibrational modes in AX 2
tional modes of a-Si0 2. These problems pertain to the fre- type glasses.' In that study, it is shown that TO modes pro-
quency assignment of it's highest frequency LO mode

l2 and duce peaks in the VDOS spectrum but because of the

to the origin and nature of the optical mode that corresponds strongly negative dispersion of the LO modes there are no

to highest frequency peak in it's vibrational density of states LO peaks in the VDOS spectrum.

(VDOS) spectrum.,' 4 
Added to these problems, as will be

shown, is the problem of making a correct determination of
the strength of the TO mode associated with the highest fre-

quency LO mode of a-Si0 2. An optically active fourth vibrational mode with an
inverted LO-TO frequency spectrum is found in a-Si0 2 and

This paper shows how a reinterpretation of the a-Si0 2  shown to be due to "disorder-induced" mechanical coupling
infrared dielectric behavior to include the LO-TO frequency of the two AS modes. This fourth optical mode is able to
splitting of an additional vibrational mode can remove these resolve the problem of the frequency assignment of the
disagreements in frequency and mode assignments and allow highest frequency LO mode of a-SiO2, putting it at 1256
the correct determination of the TO mode strength. cm

-
'
. 

It is able to allow the making of a correct determina-

tion of the strength of the 1076 cm
-
1 TO mode associated

with the highest frequency LO mode of a-SiO2.Finally, thisDISCUSSION
fourth optical mode is able to explain the origin and TO

The infrared dielectric behavior of a-Si0 2 is analyzed in nature of the optical mode that corresponds to the highest
terms of it's optically active LO-TO vibrational modes. It is frequency peak in the VDOS spectrum of a-SiO 2 at
found that the usual, three optical mode, independent oscil- =,1200 cm-'.
lator model fails to model the infrared dielectric function of
a-Si0 2 correctly. In particular, it is found that the three
mode dielectric function for a-Si0 2 fails to yield a consistent ACKNOWLEDGEMENT
value of mode strength for the optically active oxygen asym- This work was sponsored by the Department of the Air
metric stretch (AS,) TO mode at 1075 cm

-
' (in-phase motion Force. The views expressed are those of the author and do

of adjacent oxygen atoms) when different but equivalent not reflect the official policy or position of the U.S. Govern-
methods of measurement and analysis are used. ment.

This inconsistency is resolved by introducing "disorder-
induced" mechanical coupling between the AS, mode and the
relatively optically inactive oxygen asymmetric stretch (AS2) REFLRENCFS
mode (out-of-phase motion of adjacent oxygen atoms) into
the oscillator model for the didectrie function. As a result, F. L. Galeener and G. Lucovsky, Phys. Rev. Lett. 37,
this coupling gives rise to a fourth optically active mode in 1,174 11085).
a-SiO2 with an inverted LO-TO frequency pair spectrum.

Coupled AS, and AS 2 mode LO-TO frequency pairs are 2 X'. N. Denisov, B. N. Mavrin, 1'. B. Podobedov, and Kh. I.
experimentally observed as peaks at approximately 1256 - Sterin, Soy. Phys. Solid Slate , 2016 (1978).
1076 cm

-t 
and 1160 - 1200 cm

-1
, respectively, in oblique-

incident p-polarized absorption spectra of thin a-Si0 2 films 3 F. L. (alcener, A. l1. Leadbetter, and M. W. Stringfellow,
grown thermally on c-Si wafers. Additionally, two other LO- Phys. Pry. It 7 , 1052 (lO8t)
TO mode pairs are observed in these spectra as absorption
peaks at approximately 820 - 810 cm'1 and 507- 457 cm

-1
. ' S. W. de leeuw and M. F. Thorpe, Phys. Rev Lett .

Analysis shows that the simplest form of the coupled- 2879 (1085).
mode model consistent with experimental results is one in
which LO-TO frequency splitting of the AS, vibrational
mode is due to the relatively large transverse effective charge
that is associated with this mode whereas the splitting of the

-,13
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ELLIPSOMETRIC STUDY OF THE STRUCTURE OF SIMOX unusual feature is the inclusion of crystalline Si regions (with a
volume fraction of 9 ± 0.5 %) in the noncrystalline SiO2 layer.

B. J. Mrstik, P. J. McMarr,* and V. M. Bermudez IV. Dison and Conclusions
Naval Research Laboratory For the unannealed sample the best fit model (Fig. 3)
Washington. D.C. 20375 indicates that the oxide is stoichiometric SiO2. This is in apparent

contradiction to infrared measurements (7) but in agreement with

I. lnmroducton the results of SIMS and RBS (8,9). However, the value ofThe usefulness of SIMOX (Separation by IMplanted 0.031 for the unbiased estimator (defined in (2)) indicates that the
OXygen) material as substrates for radiation hard devices model may be inaccurate, since values less than 0.02 can
depends upon the quality of the top Si layer, the buried oxide, typically be attained (2). The large value of the unbiased
and the interfaces. Ther have been several previous studies of estimator might be due to two assumptions used in the modelthe structural prpertes of SIMOX, including the use of XTEM calculations: (1) that the formed oxide is fused silica, and (2) that
(cross-section transmission electron microscopy) to determine the the dielectric functions of nonstoichiometric oxides are adequately
thickness and crystallinity of the layers, and SIMS and RBS to represented by the model of Zuther. Hensel et al. (9) have
determine the stoichiometry of the oxide (1). Although these suggested that radiation damage (rather than non- stoichiometry)
techniques are useful for characterizing reasonably homogeneous may be responsible for the IR shift in unannealed SIMOX. In
materials, they have limited utility for studies on materials which this case the buried oxide which forms prior to annealing may

aontain mixtures of, for example, S02 and crystaline Si. have a structure (and therefore optical properties) different frommay reporture of, resule, of a rystlline of either fused silica or the nonstoichiometric oxides examined byWe report here the results of a study of the structure ofSIMOX using spectroscopic ellipsometry. It has been demon- Zuther. Further experiments are in progress to investigate these

strated that such measurements can be used to determine the possibilities.
thickness and stoichiometry of each layer of a multilayer structure For the sample annealed at 1275 'C our measurements
as well as provide quantitative information on the extent of indicate that the oxide is stoichiometric, but contains about 9 %
mixing of crystalline and amorphous material (2). In addition, crystalline Si. The existence of these regions was confirmed by
the technique is nondestructive and does not require perturbative removing the Si overlayer with a hydrazine etch (which does not
sample preparation (as does XTEM) which may affect sample attack noncrystalline SiO 2 ) and observing that the remaining
quality, oxide layer was pitted. Profilometer measurements showed that

many of these pits extended through the oxide. Since this was
I. Experimental the only sample studied which had been annealed at 1275 'C. it is

The samples consisted of single crystal (100) Si, implanted unclear whether such Si inclusions are common in high
at near normal incidence with 2.3 X l0ts O atoms/cm

2 
at 180 temperature annealed SIMOX. Some XTEM stidies (10) have

keV. Sample temperatures during implant- ation were maintained also indicated the presence of Si islands in tie oxide after
at 500 *C. Following preparation one sample was further annealing at 1300 'C. The annealed sample also has a transition
annealed at 1275 'C for 2 hours. The samples were then briefly layer between the oxide and the substrate which consists of a
etched in dilute HF to remove the surface oxide which might have mixture of crystalline Si and 7% noncrystalline SiO 2 . This
formed during implantation and annealing. transition layer has been observed in several previous studies (1).

The wavelength-scanning polarization-modulated ellip- In conclusion, we have used ellipsometry to determine the
someter used for the measurements has been described elsewhere structure of SIMOX. For the annealed sample we have found
(3). Measurements of the ellipsometric angles a and T' were that the oxide contains crystalline Si, and for the unannealed
performed over the photon energy range from - 1.5 - 4.5 eV. sample we have found that the oxide may not be fused silica, as
The angle of incidence was 61.42 degrees. has commonly been assumed

III. Results *NRL-ONT Postdoctoral Research Associate
Comparisons of a and '5 for the unannealed and annealed

samples are shown in Fig. 1. The sensitivity of the mea- REFERENCES
surements to changes caused by implantation and annealing is
clearly evident. I. For example, see references in Semiconductor-on-!sulator

Analysis of these measurements uses the same procedure and Thin Film Transistor Technology, Materials Research
described elsewhere (2). Briefly, this procedure uses n-laver Society Symposium Proceedings Vol. 53. edited by A.
models, the Bruggeman effective medium approximation for Chiang, M.W. Geis and L. Pfeiffer (Materials Research
physical mixtures (4), the model of Zuther for chemical mixtures Society, Pittsburgh, PA, 1986).
(5), and regression analysis for characterization of a particular 2. P. J. McMarr, K. Vedam and J. Narayan, J. Appl. Phys.
material system. 59, 694 (1986). K. Vedam, P. J. McMarr and 1. Narayan.

For the u sample the simplest model consists of Appl. Phys. Lett. 47. 339 (1985).
a crystalline Si overlayer, a stoichiometric oxide (assumed to 3. V. M. Bermudez and V. H. Ritz. Appl. Opt. 17, 542
have the dielectric function of fused silica (6)) and a crystalline (1978).
substrate. Thedifferences(8Aand'" between the experimental 4. D. A. G. Bruggeman, Ann. Phys. (Leipzig) 24, 636
measurements and the best fit values using this simple model are (1935).
plotted in Fig. 2 (Model (a)). 5. G. Zuther, Phys. Status Solidi A 59, K109 (1980).

Previous studies have shown that samples prepared under 6. American Institute of Physics Handbook, Third Edition.
similar conditions may lack shs"F interfaces (1), and some IR edited by D. E. Gray (McGraw-Hill, New York, 1972), p.
studies have suggested that the buried oxide may be non- 6-29.
stoichiometric (7). Therefore, additional model calculations were 7. R. E. Stahlbush, W. E. Carlos and S. M. Prokes, IEEE
performed which included these possibilities. Trans. Nucl. Sci. NS.34, 1680 (1987).

The structure which results in the best agreement with the 8. P. L. F. Hemment, E. Maydell-Ondrusz, K. J. Stevens, J.
data is shown in Fig. 3, and the 8A and 8'T values are shown in A. Kilner, and J. Butcher, Vacuum 34, 203 (1984).
Fig. 2 (Model (b)). The best fit structure for the unannealed 9. E. Hensel, K. Wollschlager, D. Schulze, U. Kreissig. W.
sample is fairly complicated, with oxide precipitates in the Skorupa and J. Finster, Surf. and Interfac. Anal. 7, 207
crystalline Si overlayer and additional transition layers at the (1985).
crystalline Si overlayer/ noncrystalline SiO2 and noncrystalline 10. J. Stomenos and J. Margail, Thin Solid Films 135, 115
SiO2jSi substrate interfaces. (1986).

The same analysis procedures were used for the annealed
sample. Values of ba and 84are shown in Fi?. 4 (Model (a)) for
a structure assumed to consist of a crystalline Si overlayer. a
noncrystalline Si02 layer and a Si substrate. The best fit
structure for the annealed sample is diagrammed in Fig. 5, and

the 8A and 8' values are shown in Fig. 4 (Model (b)). The
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OPTICAL MODELLING OF Si-SiO2 INTERFACE space-averaged 3.2 0.4 reported for the Interface
[6,71. Film stratification is illustrated in

A. Kalnitskv, S.P. Tay, J.P. Ellul Figure 2. The structure is composed by successively

Northern Telecom Electronics Ltd., adding 0.2 Pm wide regions to the film, starting with
P.O. Box 3511, Station C, bare Si substrate. Each added layer is assigned a

Ottawa, Ontario, Canada ElY 4H7 constant value of refractive index, as shown in
Figure 2. The topmost layer of the structure is

S. Chongsawangvirod and E.A. Irene assigned n - 1.46 when expression (1) yields

Department of Chemistry, n 5 1.460001. The thickness of the topmost layer is

University of North Carolina, then incremented for modelling of films thicker than

Chapel Hill, N.C. 27514 the transition region width. Simulated 'iso-index'
curves for n - 1.46 and transition region width of

INTRODUCTION 1.5 nm (S - 5), 3.5 am (S - 10) and 5.5 nm (S - 15)
are plotted in Figure 3. A characteristic feature of

Fixed wavelength elliosometric analysis of thin SO 2  the simulated iso-index plots, for structures with
films on silicon usually yields refractive index assumed transition region width, is movement of 4k to
values much higher than the customary value of the left of the origin for very thin films. we now

n - 1.46 for the bulk material. This effect is often take the jimulated values of A and 0 and use them to
attributed to deficiencies in the data reduction soft- extract the effective refractive index and correspond-
ware, hence the index value information is discarded Ing film thickness. The data set generated with S - 5

as erroneous. (1.5 am wide interface) and S - 10 (3.5 am wide inter-
face) were used to compute refractive index values.

Systematic study of the apparent increase in S102  Results are summarized in Tables I and 2. Simulated

refractive index with decreasing oxide thickness is data for wider transition region widths (S - 10) give
the objective of the present work. much stronger refractive index vs thickness dependence

than narrow (S - 5) transition region results. Film
EXPERIMENTAL RESULTS thickness values extracted in this exercise are some-

what lower than the thickness values used to generate
Samples for this study were prepared by dry oxidation iso-index data.
of Si(O0) in the 700uC to 1050C temperature range.
High- and atmospheric-pressure reactors were used. The optical model of the interface presented in this
One set of examined samples was prepared by LPCVD paper qualitatively explains the results of Figure I

technique. Fixed wavelength (632.8 nm), 70' angle of as follows: the narrowest transition region is

incidence ellipsometric measurements were interpreted expected for deposited SiO2 films, where transition
in terms of film thickness and effective refractive region is expected to be equal to the native oxide

index with the aid of the algorithm reported in fl). thickness regrown on Si in the short time period
In this work the substrate complex refractive index between surface preparation and film deposition.
was assigned the value of 3.858 - O.Ol8. Oxides grown at 950*C are expected to have thinner

transition region than 900C and 700C material [4,51,
Some of the results are summarized in Figure 1 as a hence the observed refractive index vs thickness
plot of extracted refractive index vs extracted oxide dependence.

thickness. The most interesting feature of the
present data set is lower sensitivity of effective SUMMARY AND CONCLUSIONS
refractive index to apparent oxide thickness for
higher temperature oxides. Deposited SiO2 exhibits An optical model of the Si-SfO2 interface is

the weakest dependence of refractive index on thick- presented. This model is consistent with the physical
ness. model of high density transition region Present in the

oxide at Si surface. This model qualitatively
DISCUSSION explains the experimentally observed dependence of

refractive index on oxide thickness for deposited and
For the purpose of optical modelling and subsequent thermally grown SiO 2 . Effective values of extracted
discussion of experimental results we shall adopt the refractive Index for thin oxides is believed to carry
Si-SIO 2 interface model developed in [2]. According information on the properties of the interfacial
to this model, high density interfacial oxide under- transition region.
goes a transition to bulk density dynamically, in the
process of film growth. The distance over which REFERENCES
density relaxation takes place must be related to
oxide viscosity at the growth temperature [2). Since [1) A. Kalnitskv, S.P. Tay, 1.0. Calder, Journal of
viscosity undergoes a transition at viscous flow point Electrochem. Soc., 135, 5 (1988) 1271.
at approximately 950°C [3,4,51, the thickness of the
high density transition region should be minimized at [2) F.J. Grunthaner, P.J. Grunthaner, "Chemical and
higher temperatures and longer oxidation times. Our Electronic Structure of the Si/S1O 2 Interface",

optical model of the interfacial region is based on a Material Science Report, Volume 1, No. 2,3,
process temperature-dependent transition region width December 1986.
of approximately 3 nm, as suggested in (2]. It also
takes into account the suggestion by Aspnes and (1) E.P. EerNisse, G.F. Derbenwick, IEEE Trans.
Theeten that a realistic interface model should he Nucl. Scl. NS-23 (1976) 1534.
based on a continuously graded structure (6]. We
assume the, oxide refractive index at any point Is (41 E.A. Irene, Z. Tieney, J. Angilello, Journal of
adequate.y approximated by the simple relationship: Rlectrochem. Soc., 129, (1982) 2594.

n - 2.44 exp(-0.5 * (X/S)2J + 1.46 (1) [51 E.A. Irene, J. Appl. Phys., 54 (1983) 5416.

where X is distance measured from SI-S[O2 interface, (61 D.E. Aspnen, J.8. Theeten, Journal of
and S is the parameter describing the transition Electrochem. Soc., 127 (1980) 1359.
region width. Numerical values of 2.44 and 1.46 in
expression (I) are selected to accomodate the range of (7) E. Taft, L. Cordes, Journal of Electrochem. Soc.,

refractive index values from bulk (1.46) to the 126 (1979) 131.
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Table 1. Refractive index extraction from A, 4' data Table 2. Refractive index extraction from 4. k data
simulated for narrow (S = 5) 1.5 nm simulated for wide (S - 10) 3.5 nm

transition region. transition region.

SIMULATED VALUES Extracted Extracted SIMULATED VALUES Extracted Extracted

Tox(nm) A P N Tox(nm) Tox(nm) 4 _ _ N Tox(nm)
0.0 179.252 10.3962 0.0 179.252 10.3962

4.0 168.139 10.5407 1.733 3.30 4.0 168.830 10.5096 1.912 2.995

8.0 157.169 10.9705 1.509 7.50 8.0 157.797 10.9207 1.819 6.350

12.0 147.142 11.6419 1.489 11.50 12.0 147.689 11.5767 1.639 10,200

16.0 138.224 12.5071 1.478 15.60 16.0 138.687 12.4299 1.502 15.000
20.0 130.410 13.5178 1.474 19.60 20.0 130.794 13.4318 1.493 19.020

24.0 123.596 14.6320 1.471 23.60 24.0 123.912 14.5397 1.485 23.060
28.0 117.649 15.8157 1.469 27.60 28.0 117.908 15.7190 1.481 27.060

32.0 112.437 17.0430 1.469 31.60 32.0 112.645 16.9433 1.478 31.100

36.0 107.841 18.2949 1.467 35.60 36.0 108.008 18.1931 1.476 35.100

X
@14.0 -...

" 2.0 F r --T --rF T -- Index for layer 4

0 900C thermal oxide, dryAO 3.5 I for layer

1.9 + depoitedSiO2  3 - Index for layer 6

C RTO, no POA. dry 0,
1.8- I 700°C, 10 atm dry 02 . 3.0-

Sx 950 C, dry 0,
1- 1.7- .

o 2.5

. 1 .6~-- Layer 4
> 2.0- Layer3

* 1.5 " Layer 2

1.4-- 1.5 ItLayer1
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ul

Oxide thickness (nm) Distance from Si-SiO2 Interface (nm)

Figure 1. Experimental dependence of extracted Figure 2. Stratification of the SiO
2 

film,.2 nm

refractive index vs oxide thickness for wide layers are successively added to the

material grown at different temperatures. structure until bulk value of refractive

index is attained.

200

190-

.1 180- - =14

1701170- Ss = 10  5
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Figure 3. Computed 'lao-index' curves for hulk oxide

n - 1.46, and for oxide with transition

layer Incorporated in the structure.
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Abstract No. 290

A LASER ACTIVATED CVD FILM
FOR INTERLAYER DIELECTRIC

APPLICATION

C. Chiang, N. Cox, D. Fraser, M. Lee
and L.C. Yio*

Intel Corp., Components Research
2250 Mission College Blvd.

Santa Clara, CA 95052

R.J. Kolenkow, R. Anderson and G. Roche
Photolytics. General Signal Thin Film Co.

2972 Stender Way
Santa Clara, CA 95054

Silicon dioxide films deposited by an LACVD (laser Table 1. Comparison of -N and -H Content
activated CVD) technique has been evaluated for ILD In Various Films
(interlayer dielectric) application. Using silane and N,0 Si N-H
as reaction gases and excimer laser as energy source, (10E21 B/CC) (10E21 S/CC
we have deposited silicon dioxide at various conditions I / /
in a research reactor. As seen in the FTIR spectra (see LECVD (Low N20/SIH4 )
Figure 1) the - N and -H content decreased as the
N20/SiH, ratio increased, indicating more complete 40 0 -C 4.6 3% 1.8 7%
oxidation. Consistent with the FTIR data, the corre- 2501C 5.0 3.0

sponding refractiye indices decreased from 1.54 to 1.46. LECVD (High N20/SH4)
The -H and -N content did not seem to be affected
by the deposition temperature as shown in Table I. 400'C 1.64 0

300°C 1.36 0
The film hygroscopicity is determined mainly by the 125C 1.70 0
deposition temperature. The stress of films deposited
at low temperature (<350*C) drifted toward
compressive region with time indicating the film was Table 2. Evolution of Film Stresses with Time
absorbing moisture. The film deposited at 400'C has
shown stable stress over time. Table 2 summarizes the
evolution of film stress with time. Figure 2 is a stress- Low N20/SH4  High N20 /SIH4
temperature curve of a sample deposited at 250'C. The Date
hysteresis indicated materials are evolving from the 250"C 400"C 125'C 300*C 4000 C
film. The stress-temperature curve of a 400C sample A t -As Deposit N/A N/A - 28 15 - 39
shows no significant difference between the heating and After Heating N/A N/A 140 140 -20
cooling curves (see Figure 3). One Month -54 20 21 34 -47

Two Months -75 15 N/A N/A N/A
Film step coverage is better than conventional LTO and After Heating +80 30 N/A N/A N/A
is equivalent to PECVD oxynitride. The film integrity Three Months -40 13 N/A I N/A N/A
is largely dependent upon the deposition temperature.
The oxide deposited at 250'C (see Figure 4) showed
preferential etch at the corners after dipped into dilute
HF. No such defects were seen for 400'C film (see ACKNOWLEDGEMENTS
Figure 5).

We would like to thank R. Villasol, A. Podelski and
Under all conditions, the film thickness uniformity is V. Ochoa at Intel and P. Oakley and R. Orr at Photo-
within +4% range within a run. By choosing the lytics for their support.
optimum chemistry and temperature, we can obtain
good oxide for ILD application using the LACVD *Current address: Department of Material Science.
technique. UC Berkeley. Berkeley. CA 94720
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Figure 1. FTIR Spectra of Samples with Different N20/'SiH4 Ratio
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Figure 2. Stress-Temperature Curve of a 2500C Sample Figure 3. Stress-Temperature Curve of a 400*C Sample

Figure 4. SEM Micrograph of a 250'C Sample Figure S. SEM Micrograph of a 400'C Sample
Decorated by HF Decorated by HF
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Radiotracer Measurements of
Sodium Penetration Through Thermal penetration by Na+ through the films was

Thin Filmsof Phosphosilicate Glass determined by depositing a carrier free solution of Na-22

chloride on the film surfaces and annealing at 400*C for 24
hrs. Na-22 decays by positron emission, and is detected by

S. Vance Dunton and Alan Campbell Ling measuring the intenstiy of the 0.511 MeV Na-22
DeparnmentofChemistry annihilation photopeak. Na

+  
penetration depth profiles

San Jose State University were evaluated by progressively etching the film surface
One Washington Sqare in a buffered oxide etch (BOE) solution and counting the

SanJose, CA 95192 radioactivity remaining in the unetched layer. Film

Wilbert .M. vandenHoek thickness measurements were made with a Tencor

Philips Research Laboratories Sunnyvale Alpha-Step depth profilometer. A sodium iodide

o SigneticsCorporation scintillation detector and multichannel analyzer were used
Sunnyvale, CA 94088-3409 for detection of the annihilation photopeak. Sensitivity

was 4 x 108 atoms per count per second.

Abstract Effects of Densiflcatlon

Sodium ion penetration through thin films of APCVD Figure I shows the effect of the densification step on
andaPECVradiotracer ategasurements haSof beenermaluteda

+
by the PSG films. The PECVD PSG films deposited at 300'C

penetration at 400C. Surprisingly. it was found that the showed a significant (approximately 20%) decrease in
biiy N openetrationeat Surpsingly it as fouD that thes thickness on annealing. Figure 2 shows the effect of

ability of Na+ to penetrate PECVD and APCVD PSG films densification on the phosphorus in the films, Increases inincreased with increasing weight percent P205, the amount of P2 05 on annealing can be understood as

further oxidation from the trivalent (P2 0 3) to pentavalent

Introduction (P 2 05) oxidation states. The differences between total
phosphorus and oxidized (P2 0 3 and P2 0 5 ) phosphorus in

Phosphosilicate glass (PSG) thin films deposited by the films must be accounted for as some other form of
chemical vapor deposition (CVD) are used as contact, phosphorus such as trapped PH3 gas.
internietal dielectric and passivation overcoat layers in
integrated circuits. One critical property of PSG layers is
their ability to retard migration (getter) of alkali ions ().
Field-assisted migration of Na

+ 
in thermally grown sin 2  Sodium Depth Profiles

doped with phosphorus by evaporation of P2 0 5 in an Sodium-22 concentration distribution profiles in the
ambient of N2 -POCI 3 -0 2 has been evaluated by C-V and Q-t as-deposited APCVD PSG films are shown in Figure 3. On
measurements (2). Thermally induced Na

+ 
migration in densification, the Na

+ 
distribution profile of the PSG film

APCVD PSG films has been evaluated by Na-22 radiotracer changed, with an enhancement of the ability of the upper
measurement (3). In this paper we report the effects of layers of the film to trap Na

+  
ions and a uniform

phosphorus content and film densification on thermal concentration distribution in the underlying bulk. The
penetration of Na

+  
through PSG films deposited by same effect was observed in the films deposited in the ET

atmospheric pressure CVD (APCVD) and plasma enhanced system (Figure 4). Densified and as-deposited films from
CVD (PECVD). the Novellus reactor had essentially equivalent Na

4

distribution profiles before and after annealing (figure 5).

Experimental Conclusions
The APCVD films were deposited from silane SThe ability of Na

+ 
to penetrate PECVD and APCVD PSG

TheAPVDfimswee epsiedfrm ilne(Sill 4), films increased with increasing weight percent P 0 ~
oxygen (02) and phosphine (PH3 ) in a Tempress reactor at 2 5
400 *C. PECVD films were deposited from SiH4 , and There was no such correlation between Na

+  
penetration400°C PEVDfims er deoste frm Pil4P3 nd and total phosphorus content.

nitrous oxide (N20) at 300 *C and 380 kHz in an ElectroTech

model ND 6200 batch reactor and in a Novellus single References
wafer reactor at 400 °C and 13.56 MHz. The PSG films were
densified under flowing nitrogen for 30 minutes at 10001C. 1. W. Kern, Semiconductor Int. S(7), 121-129 (1985).
Total phosphorus was measured by x-ray fluorescence 2. J. M. Elderidge and 1). R. Kerr, J. Electrochem. Soc 118.
(XRF) and energy dispersive x-ray (EDX) spectrometry. 986 (1971).
Weight percent P20 5 was measured by ion chromatography 3. W. Kern and G. L. Schnable. RCA Rev. 43, 423 (1982).
(IC) of etching fractions.
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MOBILE ION DRIFT IN HIGH RTA and furnace annealed samples, pos.-metalliation RTA
and furnace annealed samples as well as on samples with

QUALITY PECVD SiO 2 FILMS different gate metals, The time dependence of flat band
voltage shift (A V F B) was measured using the bias

G. Liu , W. S. Lau and S. Fonash temperature stress (BTS) technique(
2
). It was found that at

elevated temperatures (80*C- 120'C) the mobile ions
Center For Electronic Materials and Devices tended to relax during the measurement of flat band

The Pennsylvania State University voltage, particularly during the period when negative

University Park, PA. 16802 voltage is applied to the gate. Therefore, samples were
cooled down below 30'C before the C-V measurements
were taken in order to "freeze-in" the mobile inns present

J. Kanicki in the films.

IBM Research Division In general, fixed charge and interface state densities
Thomas J. Watson Research Center decreased after either of the annealing processes used in

P. 0. Box 218 , Yorktown Heights, NY. 10598 this study as may be seen in Table 1. For example, after
400*C 30min furnace annealing, the fixed charge and
interface state density (mid-gap values) dropped from
10 12 cm-

2 
and 1013 cm-

2 
eV

" 1 
to 101I cm-

2 
and 1010

cm
"2 

eV-
1

, respectively. However, the effects of annealing
on mobile ions in these films was observed to be more
complicated than in thermally grown SiO 2 films.

The mobile ion drift mechnism in PECVD silicon
INTRODUCTION dioxide was found to be different from that in thermally

Extensive studies have been done over the years o n grown silicon dioxide. In thermally grown silicon dioxide
insulating films such as thermally grown silicon dioxide, it is well established that the flat band voltage shift is
deposited amorphous silicon dioxide (Si0 2 ) and silicon principally due to Na

+ 
drift. Further, in thermally grown

nitride (St 3 N 4) for applications in MIS and MNOS siO 2 this mobile ion drift is limited by trapping at
structures. From these studies it is well known that boundaries and the flat band voltage shift is found to
thermally grown Sin2 shows the best stability among these follow one of the following rules

t
):

insulators but obviously requires high temperature
processing. It is also generally accepted that deposited AVFB cc 1- exp(-t/r ) (I)
Si 3 N 4 has higher carrier trapping than Si 2  layer.
However, deposited Si02 films generally do not exhibit the or AVFB Cc t (2)
excellent diffusion barrier provided by deposited Si3N 4 . In where, (I) is valid for the trapping centers having a single
this report our studies are focused assessing the ability of energy level and (2) is valid for the trapping centers
plasma enhanced chemical vapor deposition (PECVD) Si0 2  having a spread energy distribution. However we found
layers to serve as mobile ion barriers. Specifically, we that the AVFB vs. time curve for PECVD silicon dioxide

report here on the transient behavior of mobile ions in did not fit either of these models implying that the
MOS structures which have been fabricated using PECVD controling mechanism in mobile ion drift in PECVD
silicon dioxide films. These MOS structures were silicon dioxide is not the same as that in thermally grown
fabricated using a variety of annealing conditions and silicon dioxide. To simplify the assessment of this complex
gate materials. The annealing procedures included ion drift process in PECVD si 2  we define both the initial
furnace annealing and rapid thermal annealing. The and recovery time constant as the time required for the
goal of this study is to examine the mobile ion drift
mechanism intrinsically present in these films and to normalized AVFB to reach 0.5. The data for these measured
explore approaches for improving film stability, time constants for the various classes of samples used in

this study are listed in Table 2. The corresponding data for
EXPERIMENTAL a thermally grown silicon dioxide , obtained from the

Silicon dioxide films were deposited by the PECVD literature(
t

), are also shown for comparison. Based on our
technique at a substrate temperature of 2750C on n-type I results, the initial drift (from metal to silicon) time

c. cm single crystal silicon substrates. The approximately constant of the as-deposited Si02 is shorter than that for
130 nm thick amorphous films used in this study were one would extrapolate at 80*C for thermally grown silicon
deposited in an RF glow discharge from 2% helium-diluted dioxide as seen in Table 2. Pre-metallization 400-C 30min

silane, helium, and nitrous oxide (N20) gas mixture. Total furnace annealing increased this initial drift time
constant by a factor of three. However, post-metallizationpressure, RF power density, and flow rate of 2% helium- 400'C 30min furnace annealing or RTA decreased tnis time

diluted silaie, helium, and nitrous oxide w ere , constant by one or two orders of magnitude as also noted in
respectively, I Tore, 35 mW/cm

2
, 40 sccm, 2000 sccm, and Table 2. At the same time, all annealing processes used in

100 sccm. The silicon to oxygen atomic ratio and hydrogen this study increased the mobile ion density roughly by a
content in this film was around 0.5 and below 2 atom factor of three. Hence our results show that the drift
percent, respectively. The growth rate was 4.5 nm/sec and mechanism in PECVD Si0 2 is quite different than that in
room temperature etching rate in buffered oxide etch thermally grown Si02. Our resultes also show that this
solution was around 2 nm/min. To form the metal oxide drift is sensitive to gate deposition and annealing history.
semiconductor (MOS) structures used in this study Al and Ti
metal gates were evaporated on the silicon dioxide films
before or, in some cases, after annealing to study the
effects of metal gate / Si0 2 interaction. The post-
metallization rapid thermal annealing (400*C for 2min in References
Ar ambient) used for some samples was performed by a AG 1. S. R. Hofstein, IEEE Trans Electron Deices. , - 1,
210 Heatpulse System; furance annealing(400°C for 30min 222 (1966).
in forming gas ambient) was employed for other samples. 2. B. Yurash and B. E. Deal, I. Electrochem. Soc . LLS.

1191 (1968).
EXPERIMENTAL RESULTS AND DISCUSSION

To characterize metal gate / sin 2 structures,
interface state densities, fixed charge, and mobile ion drift
were measured on as-deposited samples, pre-metallization
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TABLE 1
FIXED CHARGE AND INTERFACE STATE DENSITY OF PECVD SiO 2 FILMS

MID-GAP INTERFACE

STATE DENSITY FXED C-ARGE

(cm
2 eV (cm )

AS-DEPOSITED 13 12
2x10 3x10

FURNACE ANNEALING 100 11

4001C 30min 6x10

RTA 11 11

400'C 2min 7x0 5xi0

TABLE 2
SUMMARY OF ION DRIFT PROPERTIES OF VARIOUS Siq FILMS

BTS INITIAL DRIFT RECOVERY MAX. MOBILE

SAMPLE Bias/Temp. TIMECONST. TIMECONST DRF' ION
(V)/(°C) (sec)* (sec) * (V) DENSITY

c rf 
2

THERMALLY 4
GROWNS 2  +20/200 10 0.1

(thickness 1000

AS-DEPOSITED +10/80 3x10
4  

22 1 xd

(thickness 1300A) 2x10 10 3xid
2

POST-METALLIZATION

FURNACE ANNEALING +10/80 2x103 102 30 1013

400'C 30min
(thickness 1300A)

PRE-METALLIZATION
FURNACE ANNEALING

400'C 30min +10/80 10 102 36 1

(thickness 1300A)

POST-METALLIZATION
RAPID THERMAL +10/80 2
ANNEALING 10 40 34 10

]

400'C 2min

(thickness 1300A)

• Defined as the time required for normalized flat band voltage to reach 0.5
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Analog Nonvolatile Memory for ited. The tasks performed by neural network computers. how-
ever, are quite different. Although some neural networks, es-

Neural Network Implementations * pecially those used to preprocess optical or acoustic sensors

data, have fixed weights, most neural networks embody learning

Jay P. Sage and Richard S. Withers rules that provide for modification (adaptation) of the synaptic

weights in response to training (experience). This adaptation.

Lincoln Laboratory or experience- controlled feedback, is expected to make it poss,
ble for neural networks to provide accurate system performance

Massachusetts Institute of Technology despite limited accuracy components.

Lexington, MA 02173-0073 .Because of this expected ability to tolerate lower accuracy

devices, neural networks offer a new opportunity for technolo-
Neural networks, modeled to a degree after biological brains, gies that could not meet the requirements of digital computation

offer an alternative approach to artificial intelligence computa- and signal processing. One of these technologies is analog non-
tions. In contrast to deductive, rule-based Al methods, neural volatile memory based on floating gate or metal-nitride-oxide-
network paradigms are based on inductive response to train- semiconductor (MNOS) devices. We will illus.rate the applica.
ing data (experience). In contrast to conventional computers tion of analog MNOS technology to neural networks Ly describ-
with their small number of complex, powerful central processing ing an exploratory network we designed, fabricated, arid tested.
units, neral network iniplementations use very large numbers This network was the first to include on the chip mechanisms
of very simple processing elements. The required processing op- for adapting the weights stored in the synapses
erations are often so simple that symbolic computation using In digital applications of floating-gate and NINOS devices.
arithmetic and logic units (ALUs) can be replaced by physical there is no need to control the exact anioun. of charge on the
methods of computation, allowing very high computation rates floating gate or in the nitride traps. Satisfa or jprobably opti-
to be achieved with very small structures. mum) opvc,'tion can be achieved with satursted levels of positive

By analogy with biological nervous systems, artificial neu- arn negative charge representing the two oinary slates.
ral networks contain synapses and neurons. The synapses are The distinguishing feature of our technolog) is the use f
simple memory/processing elements that connect two neurons. charge-controlled mechanisms. Charge-coupled device tCCDj
They itore a single value called a weight, receive ant input sig techniques are used in the neural network synapses to meter

nal front one neuron, and deliver an output signal to another out charge packets f specific size. During a learning operation.
neuron. The operation performed by the synapse on the input these charge packets are formed in such a war that they rep
signal is usually a simple one, such as multiplication or subtrac- resent the anrount fsy which the weight stored in the synapo'
tion. Each neuron typically receives signals from many synapses, should be modified. The charge packets are transferred to thy
coml-ines those signals (generally by simple addition), and then channelof the MNOSdevice, and applicationofa large bias vol-
perfo-ms a nonlinear operation on the result. The output from age to the control gate of the MNOS device causes the charge
the nturon is typically sent to many synapses. in the packets to tunnel into the nitride traps.

As al. example of how physical computation can speed opera- During readout operations of the network, the NINOS devicy,
tion and simplify hardware, consider the neuron's task of adding is the synapse is used as pa,t of another CCD charge meering
the signals from hundreds of synapses. To compute the result circuit. In this case, the MNOS gates are maintained at a lrw
numerically (symbolically) in a single step, a very complex ALIT bias voltage so that no writing occurs. The charge packets are
with hundreds of multibit inputs and hundreds of thousands of formed with sizes that depend in the desired way ott the input
gates would be required. Simpler hardware in a pipeline archi- signal to the synapse arI ot tirn synaptic weight represented
terture can be used but at a significant sacrifice in computing by the trapped charge in the nitride layer of the MNOS device.
speed. Alternatively, physical computation can be used. By These charge packets are then transferred to lie neuron. fhre
representing the signals from the synapses in the form of charge they are summred.
packets and transferring those packets onto a simple wire serv In the talk we will describe the structure and operatirn of
ing as a capacitor, the physical law of conservation of charge the MNOS/('(l) neural network in greater dt -id We will ais,,
carries out the surnmation virtually instantaneously, discuss soi alternatisc ways under devclopment in ither latr,

In conventional computers performing conventional tasks, ratories to use floating-gate and MNOS analog nalog lat h

physical computation cannot be used because accuracy is lirl- ory devices t, inmplenent neural network circuits

This work sponored by tie Dtepartmient of tie Air Fors

4:'4
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A DUAL POLARITY NONVOLATILE ANALOG MEMORY ihe memory cell [3] which we have fabricated
FOR USE IN ADAPTIVE ARTIFICIAL NEURAL NETWORKS consists of two complementary pairs of transistors

sharing a common floating gate. This configuration
R. L. SHIMABUKURO, I. LAGNADO allows us to store an analog weight value, which may

AND P. A. SHOEMAKER be increased with holes injected by an n-channel
writing device, and decreased with electrons from a

NAVAL OCEAN SYSTEMS CENTER p-channel device (charges are mobile and free to
SAN DIEGO, CA 92152-5000, USA recombine because the gate is a conductor). It is

possible to increment or decrement the value by very
small amounts by pulsing the writing voltages. The
floating gate is surrounded by insulating silicon
dioxide. This provides a very large energy barrier
preventing charge leakage. From data reported in

Artificial neural networks are currently of great previous studies, we predict that values may be
interest for applications in a wide variety of stored on the order of years at room temperature
fields. Computer simulations of these parallel [4].
distributed processing systems have shown potential
applications for associative memories,
motor-control, visual and speech recognition, and a Although in digital memories the same transistor
variety of other problems for which conventional which injects charge also senses its presence on the
computing systems are not well suited [1]. The gate, in our circuits the gate is common to a second
results of these simulations are stimulating a great complementary pair of transistors, which perform the
deal of effort in implementing neural-type networks weighting function. These are depletion-mode devices
in VLSI circuitry. (i.e., conducting at zero gate-to-source bias). The

circuit in which they are used performs an

A typical processing element in a neural network approximate, four-quadrant multiplication, supplying
operates on a weighted sum of inputs from other an output current into virtual ground (as at the
elements or external sources. Therefore, the input node of a summing amplifier) which is roughly
weighting matrix which represents the relative proportional to the product of the gate potential
interconnection strengths is a crucial component of relative to ground, and an input signal (5].
the neural network. Most useful applications require
on the order of several thousand to several million We present and discuss experimental results obtained
weights. In many networks these weights can be from test multiplier and MA circuits fatricated at
either excitatory (positive) or inhibitory NOSC. We also describe alternative configurations
(negative). In a learning network the weights must intended to improve device performance.
also be modifiable. Therefore, an analog circuit
element which performs the weighting function should [1] A Review of Artificial Neural Systems I & II,
have a long storage lifetime, be continuously CRC Critical Reviews in Artificial Intelligence, P.
adjustable, compact in size, and be able to K. Simpson, to be published.
represent a positive or negative weight. Also, since
many learning rules compute a change in weighting (21 FAMOS - A New Semiconductor Charge Storage
values, one would like to be able to update the Device, D. Frohman-Bentchkowsky, Solid-State
weights incrementally in either the positive or Electron., vol. 17, p. 517, 1974.
negative direction. [3] Patent Pending. Navy case No. 71105

The Naval Ocean Systems Center, under the aegis of
the Office of Naval Technology, is working on the [41 OIFMOS - A Floating-Gate Electrically Erasable
implementation of neural network- in analog Nonvolatile Semiconductor Memory Technology. W. A.
integrated circuitry using CMOS technology. We have Gosney, IEEE Trans. Electron Devices, vol. ED-24,
designed and fabricated a four-transistor MOS analog no. 5, p. 594, 1977.
memory (MAM) cell based on standard silicon
processing technology, which we believe is an 51 Patent Pending. Navy case No. 70748
excellent candidate for a neural circuit memory -------

element.

We employ the mechanism of avalanche or hot-carrier
injection to move charge onto a floating-gate
structure. This mechanism was first used in the
mid 1970's for digital memory applications in the
FAMOS (floating gate avalanche injection MOS)
device, which consisted of a p-channel MOSFEI with
a, solated gate [2]. At an appropriate biasing
vo.'.ge, hot electrons are generated in avalanche
breakdown, which have sufficient energy to conduct
across the gate oxide and charge the gate, In an
n channel device, a complementary process takes
p'ace, with holes rather than electrons injected
onto the floating gate. The potential due to the
charge influences the state of the transistor under
the gate just as wculJ an votern-y applied
voltage
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Utilization of Programmable
Threshold Voltage Devices in Neural

Network Integrated Circuits

Tom Borgstrom, Robert Chau, Ken Adkins, and Steve Bibyk

Solid State Microelectronics Laboratory
Department of Electrical Engineering

Ohio State University, Columbus 43210

INTRODUCTION

Recently, there has been a resurgence in the development of neu- After many changes of the threshod oltage, the programmingral network circuitry, both from a VLSI development capability pulse to achieve the same increment ., reshold shift has changedan
,4 

in new concepts [1I . Neural networks often utilize threshold Since the system is adaptive, it may take longer to learn after thelogic gates with many inputs, and each gate output is connected dcovirp his been stressed.
to the inputs of all the other gates. The processing that is per-
formed by this circuitry is done by changing the output function
of each gate. This can be done by weighting the strength of each DISCUSSION
input and and allowing the value of the weight to be modified
based on the values of the gate outputs. This can be considered
a learning or adaptation process [2]. The weighting functions can Some method of write inhibition must be developed when a probe implemented in digital circuit form but the r sultant number gramming voltage is applied to a row of synapses Circuitry
of components required for fine weight resolution becomes un- is needed which will allow the MNOS device to be either pro-reasonable for development of practical adaptive systems What grammed or simply accessed for a computation Inlantarray ofis necessary for the weighted input connection is to have a con- connection weights, layout of the row and column selects will at-ductuance which ca be varyied conlinuousiy over a wide range and fect the write inhibition requirementstakes up little space. An attractive method is to develop a variable The memory gate can be designed so that a voltage is not appliedthreshold voltage transistor. Temmr aecnb einds htavlaea o pleto it except during the programming mode The conductance ofThe write/erase models used for nonvolatile memory development the device is then varied by the programming voltage only
need to be evaluated for their use in neural networks. In order
to program a particular synapse, circuitry must be developed to ACKNOWLEDGEMENTS
alter the threshold voltages I he traditional write/erase cycling
models do not apply for this type of device operation. since the
device thresholds are changed in an incremental manner Also. The authors wish to thank L Pham for his assistance The en-the speed of the charge storage can now be much faster than for couragement and support of Profs H C Ko and M White isfull digital programming A second serious consideration is that r-uch appreciated
the retention ability of the MNOS device The voltage det'ay must
be carefully analyzed since the devices are written for incremental
changes Therefore, the retention of the device is now much more
critical than the endurance capability

R FFER EN('ESSIMUI,ATION AND TESTING

[1I J Sage. K Thompson, and R Withers An Artificial Neura
Previous models of MNOS device operation [3,4] are being an- Network ntegrated Circuit Based on MNOS CCD Principies
alyzed for their use in neural networks Experiments are being in AIP ('iorr , Pr, 151. ed J Denker Neural Netw,,rsdone on MNOS devices to program them in an incremental mode for Computing Snowbird Utah (1986) 381.385
and Investigate over what range of threshold voltages the devices [21 Marvin White et al 'CCD Adaptive Discrete Analog Sig"operate best for neural circuits Both MNOS devices and float. Processing IFE .1 .d S" t, Ci SC 14(197) 132ing gate devices are considered The best point of operation isgiven by minimizing the effects of drift The retention problem 13Y N i Williams and M E Beguwala The Effect 0 1l. rtiis being evaluated by using two MNOS devices in parallel and Coeduction on Si3N4 on the Discharge of MNt en.1taking the difFerence of their threshold voltages Various pulse Transistors in FF I ,, , I [ 25 1 1 ' 11)
amplitude pulse width combinations aie used to determine l-w (1978)
the devices should be written as the threshold voltage varies over
a significant ranK sue. the shift will not be inear th4 M 6 Beguwala and I I unckel An Ieprosed li j [)i-

the Charging Charauter,s o+ a ilueler if f INonvolatile Memryr Devie jy y y i', .A" .P '

1Q21 1110 197,81
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CHARGE TRAPPING KINETICS AND DIELECTRIC trapped space charge dominates the free-carrier space
DEGRADATION IN SILICON NITRIDE FILMS charge which is low at high fields. Third, the trapped

charge density dominates the diffusion of the free-carrier
Robert SIK. Chau and Steven B. Bibyk space charge density which is negligible at high fields. The

set of partial differential equations used in the model are

Solid State Microelectronics Laboratory given below:
Department of Electrical Engineering 4p IdJ, J, (J(Nt)- P,(, 1 u J_'!,'u)

The Ohio State University, Columbus, Ohio 43210 i d ..

ISd l . v'.d-()) IJ. N.,) - (]il 'Ie.nt I J- . I .)',)

INTRODUCTION _t - 9 dt 1 9 , . _

!-- =P F ) O'(Nj.(,- g( ol ... €- %)J. I A()
Thin silicon nitride films have been embodied in various , , , ,I, . P

semiconductor devices such as dynatic random-access- Ln,,) hj) I 1 NtO ) - ,1)1_ ), J,',t.-)
memories and nonvolatile memories. Among properties di " q

of the silicon nitride layer, charge conduction and SE = - 0 -]
trapping are two of the most important issues in
understanding the operation and degradation of these
devices. Recently it has been shown that under high field [e, = lep Iy () - B(E) I1

conditions, a two-carrier conduction and trapped charge - B(Elil
distribution develops in the nitride film [1]. Such KT

distribution gives rise to a peak electric field in the bulk In steady state, the variables do not vary with time and the
dielectric which is speculated to cause conductivity above equations can be simplified. The boundary values
changes and the onset of short circuit ureakdown and can either be calculated or determined from experiments.
damage in the device structures [2]. The exact correlation For example, the values of the contact hole current Jp(0)
between charge trapping and dielectric degradation and and the contact electron current Jn(0) at the oxide-nitride
breakdown processes is not completely known at the interface can be inferred from charge seperation
present time. However, some of the most important measurement on a MNOS transistor structure and the
physical mechanisms of these processes can be revealed results are shown in Figure 1. The contact field E(0) at the
with the aid of a general high field transport model. We oxide-nitride inteiface can be inferred from threshold
report here a computer-based multiple-trap model of voltage measurement and charge pumping measurement
charge trapping kinetics in silicon nitride films subjected on the transistor. With the boundary values known, the
to high field stressing. This model takes into account the general approach taken to solve the problem is to apply
combined effect of charge injection, trapping, emission the finite difference method to the spatial variables. In
and recombination of holes and electrons in the dielectric. order to obtain an accurate solution , a fine spatial mesh
It is used in conjunction with various experimental in the vicinity of the oxide-nitride interface and the gate
techniques and novel device structures to yield a detailed electrode is required. This is because the boundary
description of electric field and current distributions in the codis requied ths isabes the o nd
dielectric, as well as trapped hole and electron spatial electron density near the injection boundaries and cause
distributions at different trap levels in the forbidden band
gap. These computer simulations are useful for analyzing the problem stiff.
charge transport measurement and material
measurement results for various experiments using SIMULATION RESULTS
MNOS devices.

Computer simulation results of a four-trap silicon nitride
THEORETICAL AND EXPERIMENTAL system are shown in Figure 2. Plotted are the overallcharge density, the trapped carrier densities and the

electric field in the dielectric. The interesting result is thatIn formulating the charge transport model, it is assumed a shallower hole trap can be more populated than a deeperthat the trapping sites in the amorphous nitride layer give hole trap even when the dielectric is subjected to highrise to a distribution of trapping levels in the forbidden field stressing. This can occur if recombination is a
band gap. The trapping levels above the midgap are significant mechanism in which case a trap level closer to
considered as acceptor-type traps and those below it are the midgap will be more efficient and hence less occupied.
considered as donor-type traps. The transport is assumed This result has been well established in studies of charge
to be decribecd adequately by the continuity equation for trapping in semiconductors, but has been ignored in
both holes and electrons, Poisson's equation which serves models of two-carrier charge transport in silicon nitride.
to couple the transport of holes and electrons and which leading to the possibly inaccurate approximation that a
causes the problem to be nonlinear, and the Shockley- shallower trap level is always less occupied than a deeper
Read equation for possible trapping, detrapping and trap level. Note also that the trapped charge distribution
recombination of holes and electrons for each trapping causes a peak electric field to develop in the bulk of the
level. It is believed that direct recombination between nitride laver This peak field can gradually wear out the
holes and electrons are unlikely. In the formulation, insulator and enhance its conductivity, and eventually
three considerations will be used for the steady state and causes dielectric breakdown
transient situations First. the electric field is large enough
so that the free-carrier velocity is saturated Second, the
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wet oxidation at 600 °C for 24 hr, the SIPOS films are
Hot Electron Effects in converted to SiO 2 with a final thickness of 134 ± Sum.

Semi-Insulating Polysilicon(SIPOS) Then, aluminum was evaporated to form the gate as well as
the contacts to source and drain. Finally, hydrogen plasma

and Polysilicon TFTs passivation was performed in a Technics PE-ILA reactor at a
power level of 250 W for 3 hr with a pressure of 0.7 torr and

substrate temperature of 300 °C. The final device structure
is shown in Fig. 1.

Biay-Cheng Hseih and David W. Greve
Department of Electrical and Computer Engineering TFT characteristics were measured in two different

Carnegie Mellon University modes before and after hot electron stress. First, we

Pittsburgh, PA 15213 designated source and drain contacts and measured the
transistor characteristics (subsequently referred to as forward
mode). Then, we remeasured by switching source and drain

I. Introduction contacts (reverse mode). All forward and reverse mode

Large flat panel displays for portable computers and measurements were at VDS = I V, and VOS was swept from

other applications require active matrix addressing in order -20 V to 20 V in 
3

0sec. Stress was applied by biasing the
to obtain adequate contrast. Process design for fabrication transistor at VDS = VGS = 7.5 V for various stress times at

of thin film switching transistors in flat panel displays room temperature.
involves a number of difficult compromises. Low
temperature thin film transistors processes are preferred so MIS capacitors with oxidized SEP05 films as gate

that low cost glass substrates can be used with minimal insulator for hot electron studies were fabricated on 0.1-0.5

warpage during processing. We have reported that a-cm (100) p-type silicon wafers. The SIPOS films are

polycrystalline silicon tl.in film transistors (TFTs) have been identical to the gate insulator of TFTs described previously
fabricated with the use of semi-insulating polysilicon except they did not receive hydrogen plasma passivation.

(SIPOS) deposited at 600C as gate insulator[tl. As a result Aluminum was deposited on top of the oxidized SIPOS films,

of prolonged exposure to wet oxygen at 600C, this material followed by definition of dots of 7.85 x 10-
3 

cm
2 

and

is converted into silicon dioxide with low leakage current and deposition of aluminum back contact. Avalanche injection

drift. By combining the SIPOS gate insulator with a of hot electrons into the MOS capacitor insulator was used

technique for producing large grain crystallized silicon films to study electron trapping in the SIPOS films. Hot electrons

previously reported 12], we have fabricated TFTs with were injected by apnivine a hib fewi,,., ?-e signa! cf
excellent characteristics, even though no process temperature sufficient amplitude across the capacitor 14].

exceeds 600'C. In our approach, a completely oxidized gate

insulator of about 13Onm thickness can be obtained in 24 hr II. Result and Discussion

in cont-ast to thermal oxidation [31 which requires 96 lir to
produce a filn only 80nm in thickness. The I-V characteristics of TFTs before and after hot

electron stress .re shown in Fig. 2. For all devices tested, the

It is the object of this study to investigate the forward mode and reverse mode characteristics were

susceptibility of our polysilicon TFTs to hot electron stress. identical before hot electron stress. After application of the

Hot-electron effects have been observed in our polysilicon stress, the reverse mode characteristic remained unchanged
TFTs and further studied in MOS capacitors with an while the forward mode characteristic showed only a change
oxidized SIPOS insulator. We have characterized the oxide in its leakage current behavior (VGS < 0 V) but no change

traps in the SIPOS films by examining the change of TFT I- in its ON-state behavior (VGS > 0 V). The fact that the
V characteristics and the trapping phenomena due to the hot reverse mode characteristic is unchanged after stress is

electron injection into the SIPOS films during avalanche consistent with hot carrier generation of interface states near

breakdown, the drain (in forward node operation).

II. Experiment For V GS < 0, there is a comtponent of drain curreti

due to interface state generation. This is responsible for tlie
Polysilicon TFTs were fabricated on 3-5 .- cmu (100) observed increase in leakage current. When V. S becomies

n-type silicon wafers. After the growth of I puln oxide by iwct more negative, a monotonic increase in leakage curreiit is
oxidation, amorphous silicon filnis of 108 ± 5nii1n were observed. This is due to the hig, e:.ctric field near the drain

deposited in an LPCVD system at 5415 OC. Crystallization of which results iii field-enhanced leakage current.

amorphous filnis was performed at 560 'C for 72 hr. After
polysilicon islads were defined, the source and drain were After we observed hot electron effects i, the TFT l-V

doped by arsenic iinlantation at 40 KeV to a dose of 2 x characteristics, wke examined the details of electronii ir ulilg
l0ts clt

- 2
. No dopants was introduced into the channe . A in oxidized SIl'ttS films ly hot neotrol i injectin iiill 1is)

,

li ± 5ntun SI,1)5 filmu was d1eceited at &iW '(. ltit toe XI0)'.A pait.rs. Fig. : slim+s traplplg eff1ciee'- i di.

flow rate ratio -e (N 2,)/Si"1 4 ) = 1.67 in tih sau .e l.I''l avalanw il j-ction uf l1it e, intl \e. li,. I ll't .f
reactor useI fur d¢epositiui of aneorplhos silieon. Following an MlIS cup~tehr lie t raplin -f'I Te.v i ,ifw l ie .T .
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neff dN-Ilected 10"3.

where Neff is the number of electron charges trapped per

unit area and Ntnllected is the number of hot electrons per

unit area collected by the gate electrode. A plot of the 6.
logarithm of qeff vs. Ninj does not show any straight line 10

portions. As a result, we cannot characterize the trapping by
a small number of different trap cross sections. Uz_

Also shown in Fig. 3 is the result of similar < 10

measurements on MOS capacitors with wet thermal SIO, .  ---

The curve for SIPOS insulator approaches that of wet

thermal SiO 2 grown at 800 'C at an injection level of 1016 10-12

e/cm
2

. However, the oxidized SIP1OS films cannot be stressed 25 0 25

beyond this level or breakdown will occur. We conclude GATE VOLTAGE V )
that SIP0S contains a significant number if traits with 

larger capture cross sections than thermal SiO,. The electron Fig. 2 I-V characteristic of TT with channel

capture cross section of wet thermal SiO,, was calculated as 3 lm before ( - ) and after ( - t) a 30

x 10
19 

cm
2 

which call be attributed to tle itoisturc-related nin stress at VCGS = V 7.5%'.
centers reported by Nicollian ct al. [-I.

In summarv interface state generation due to hot
electron stress on TFTs has been observed. Trapping of
electrons in oxidized SIPO films has also been studied. Tie -1
results show that the SIPOS films have a higher trapping 10 * SIP0S(6000 Cwet 02 1
efficiency than thermal SiO and probably a distribution of " t 1532:

trap cross sections. -I
Ct
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Abstract No. 298

Hot- Carrier Induced Excess Current in passivation treatment. We observed the following

Polysillcon Emitter Bipolar Transistors trends:

I) The degradation for a particular stress charge was
D.W. Greve and T.Y. Chou more rapid for hydrogen passivated transistors.

Department of Electrical and Computer Engineering 2) The excess base current increases more rapidly
Carnegie- Mellon University With stress charge at more negative values of VBE.

Pittsburgh, PA 15213
3) The excess base current has a voltage dependence

Introduction of approximately 120 mV/ decade for unpassivatedtransistors but has a smaller value (,, 105 mY!
It has long been recognized that hot carriers can

cause degradation in the current gain of bipolar decade) for passivated transistors.

transistors [I]. This can be a consequence of either Malysis
generation of interface states or trapped charge in the
oxide which influences the surface potential [2]. In In order to understand these results we refer tothe model of Hu et al. [51. A kinetic model yields for the
either case, hot carrier- induced degradation becomes

more important as the junction electric field increases. Interface state density Nit (cm
- 2]

As a result, there have been two recent investigations of Ni - -it/q m n

degradation in advanced polysilicon emitter transistors i p

[3,4]. In this paper, we report measurements of hot where P is the perimeter of the transistor, (pit Is the
carrier- Induced degradation In polysilicon emitter
transistors with and without hydrogen passivation electron energy required to surmount the oxide barrier

treatments and we show that the dependence of excess and generate an Interface state, X Is the electron mean

base current on injected charge and bias can be free path, Em Is the maximum junction electric field

understood based on a published model 1[51 for hot carrier during injection, and the exponent n Is between .5 and 1.
degradation in MOSFETs. The interface states will produce an excess base current

due to pair generation given by
Experiment q qVBE/mkT

The devices used in this study were polysilicon LIB - PNitdvthni WF e

emitter transistors fabricated on I- 5 0-cm (111) 2

silicon wafers. The base was formed by implanting boron where WF Is the part of the emitter- base depletion

at 100 key to a dose of 2.5 x 10I3 cm - 2
. Polysilicon width active in recombination, a the capture cross

was deposited at 625 *C followed by a 100 keV arsenic section, and Vth the thermal velocity. The Ideality factor

Implant to a dose of 3 x 1015 cm - 2 or 1016 cm - 2 . The m is usually equal to 2 but may have other values when
emitter drive- in was either 30 minutes at 950 "C or 15 field enhanced emission 17] and/ or a nonuniform
minutes at 950 'C followed by 15 minutes at 1000 "C. distribution of interface states [8 is present At a

Some wafers were passivated by Implantation of 1015 particular value of VBE, we therefore expect

cm
- 2 hydrogen at 40 key. All wafers received a Post-

metalllzatlon anneal at approximately 385 *C In forming -it/qXkEm n

gas. The emitter size of the transistors investigated A B-(Qinje ) .

was 10 im x 10 tim In Fig. 2, wp press-1 the excess base current

The hot carrier stress was performed by biasing AIB(VIE = .48 V) as a function of injected charge Ginj on

the emitter- base junction to a voltage VBE < 0 and a log- log plot. The data for all transistors is fit

injecting electrons into the depletion region by forward reasonably well by a straight line with slope
biasing the collector- base junction. This method was corresponding to n n 05. Also visible Is the strong
initially used by bosseiaar 16] aid has the advantage that dependence on electric field Em. We can determine the
both the voltage across the emitter- base junction and ratio rlt/X, since we expect for constant injected
the injecting current can be independently varied. At charge Iog(AlB2) - lt/qXEm .  This analysts is

intervals, the bias was removed and IB(VBE) was

recorded with VCB - 0 together wlth the total charge Illustrated in Fig. 3 for the unpassivated transistor,
where the maximum electric field has been determined

injected across the emitter- base junction Qinj Typical from capacitance measurements Assuming fit - 3.7 eV,

results are shown In Fig 1 for both passivated and we obtain X - 33 A, which is in fair agreement with
unpassivated transistors As expected, an excess base previous reports 15] For passivated devices, a higher
current is observed at low currents which has been value is obtained for X We regard the results for
attributed to pair generation through interface states passivated devices as less reliable because the higher

(3,41 The measurements were repeated on different values of Nit may cause the electric field at the surface
transistors In order to examine the effect of VBE and the to be different from the rest of the Junction



In conclusion, we note that the rate or interface 1o
-

state generation is greater in passlvated devices, even AA
'

for similar doping profiles. This Is consistent with A/

models for Interface state generation which Involve £

hydrogen (5,91. As a result, hydrogen passivation to ic-8

Increase the current gain [10] may adversely Influence 0 .OP

the stability of polysillcon emitter transistors. __ 0
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DIELECTRIC FORMATION BY RAPID THERMAL decreasing significantly within several angstroms and then slowly

NITRIDATION decreasing through the bulk of the wafer, dropping off towards
D. Henscheid. M. Kozicki. 1. Zwiebel. R. Craham-. zero at the interface. No interfacial hydrogen peak was observed.

G. Sheets, and E.G. Changn A possible model for this nitridation reaction can be

Center for Solid Stale Electronics Research derived from the above results. The nitrogen profiles observed are

Arizona State University probably the combination of the profiles of two separate nitrogen

Tempe AZ 85287 species; nitrogen reacted with silicon, and nitridant (NH.,

=0.1,2.3). As nitrogen diffuses through the Si0 2 some of it
Advances in VLSI technology have made the reduction of gate reacts with the first several monolayers of the surface. In

insulator thickness necessary for high density integrated addition, because of the high density of states, the Si0 2 /Si
components. As the dielectric film thickness approaches the 10 interface acts as a nitrogen sink, causing the nitrogen to react.
nm regime, the use of SiO 2 is no longer appropriate due to thus creating a favorable driving force for nitrogen to diffuse. As
problems such as hot electron effects, high-field instabilities, observed in Fig. I. in the interface region the nitrogen accumulates
radiation damage, poor impurity masking and slow trapping in confirming that the interface must be a very strong sink. As the
this material [1). One er r

t
"c most promising alternatives to thin concentration of nitrogen increases with time, nitridation of the

Si0 2 is nded SiO 2 . Thermal processing in an ammonia ambient surface proceeds and further diffusion of the nitrogen into the
results in the nitridation of the Si0 2 and an oxynitride is thus SiO 2 layer becomes slow. This gives rise to a larger concentration
formed. Conventional thermal furnace methods are traditionally of nitrogen at the surface, even larger than at the interface.
used to achieve nitridation. However, long exposure at high The presence and relative quantities of botn nitrogen and
temperature. (typicaly >ll00°C for several hours), results in the hydrogen have a profound effect on the electrical characteristics of
degradation of the electrical characteristics of MOS devices [2]. On the processed films. There is a marked shift in flatband voltage
the other hand, high processing temperatures can provide good with an increasing negative swing for 900°C and 1100°C up to 60
electrical characteristics if decreased processing times are used sec processing time. Longer processing times at these
[3]. temperatures result in a less negative swing. The worst case shift

Rapid Thermal Nitridation (RTN) is proving to be a viable of approximately -1.0 V occurs for 1100°C at 60 sec. At 12000C.
alternative to conventional thermal methods. Processing is the trend is repeated but over a much shorter time scale, with the
performed at very high temperatures for short times (<120 see.). peak shift ( -0.6 V) occurring around 3 sec. The shift in flatband
In order to achieve an optimal gate dielectric, a greater voltage is created by the change in the amount of fixed charge
understanding of the RTN process with respect to structural and within the films, which rises and subsequently falls with
electrical properties must be obtained. Unfortunately, data on increasing processing time. The rise correlates with rising
short-time nitridation of SiO 2  is limited. This paper reports on interfacial nitrogen, whereas the decrease corresponds to a
the results of a study of the electrical and structural properties of subsequent increasing hydrogen concentration near the interface.
thin dielectric films produced by the RTN process. Dependence of With regard to morphology of the layers, short processing
film properties on RTN time and RTN temperature are stressed. times, as shown by HRTEM analysis, have little effect on the

silicon/dielectric interface. Fig. 3 shows a smooth ;'-erface
Experimental Procedure similar to the transmission electron micrographs of layers not

SiO 2 films 10 nm thick were grown on 100 mm. <100>. subjected to nitridation. A dramatic difference is observed at
7.5-12.5 ohm-rm, n-type (p) silicon substrates. After a one hour I I00°C for 60 sec. [Fig. 4]. Here the interface is by no means
HCI tube clean, oxidation was performed for 15 minutes at 900

0
C smooth and there appears to be other amorphous regions

in dry 02. Nitridations were performed in a Tamarack l80M Rapid penetrating randomly into the silicon surface. Due to the large
Thermal Processor using a pure ammonia ambient at atmospheric quantity of nitrogen (and a small amount of hydrogen) at the
pressure. The wafers were nirided at four different temperatures, interface for these processing conditions, it is likely that we are
900°C, 1000

0
C, 1100°C, and 1200

0
C for four diffcrent nitridation witnessing the formation of silicon-rich oxynitride or perhaps

times, 3 sec, 15 sec, 60 sec and 90 sec. The temperature was even silicon nitride amorphous regions.
ramped up to within 25

0
C of the designated processing

temperature within 3 seconds, and after nitridation was ramped Acknowledieements
down o below 600'C within three seconds. We would like to acknowledge the efforts of Dr. Derwin

Structural characteristics were analyzed using Auger Flowers and Dr. Mike Kottke, Motorola Semiconductor Inc.,
Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy Phoenix. AZ, for their AES data contribution, and Dr. Peter
(XPS) and Secondary Ion Mass Spectroscopy (SIMS). Layer Williams, Arizona State University, for his SIMS data contribution.
morphology was examined using High Resolution Transmission
Electron Microscopy (HRTEM). Electrical characterization was References
performed using capacitance-voltage (C-V) techniques. 1. Ito. T.. T. Nakamura. H. Ishikawa, 1. Electrochem. Soc.. 129.

Jan. 1982.
Results and Discussion 2. Chang, C. C., A. Kamgr. D. Kahng, IEEE Electron. Device Lett..

The results, in general, confirm the work of previous EDL-6. Sept. 1985.
researchers but also provide new data on the RTN technique. 3. Moslehi. M. M.. S. Shatas, K. Suraswat. Proc. Electrorhem. Se..
Selected AES results are shown in Fig. 1. For low temperature. 86-4, 1986.
short time nitridation (900

0
C, 3 sec), AES shows minimal surface

nitrogen with no observable nitrogen in the bulk or at the Center for Solid State Science, ASU
interface. As RTN time increases with the RTN temperature - Visiting Professor. Chung-Ang University. Korea
remaining low (900

0
C, 60 sec), or as the RTN temperature

increases with the RTN time remaining short (1100
0

C, 3 sec). the
interfacial nitrogen concentration increases without an
appreciable increase in surface nitrogen. At long RTN times and
high RTN temperatures (t 00°C, 60 sec), the concentration of
nitrogen throughout the entire SiO 2  film is significantly
increased.

Data from XPS demonstrates that at low RTN time (I 00°C. 3
set). the surface nitrogen fraction, (N]/([N]+[Ol), measures .038 and
the interfacial nitrogen fraction measures .016. Increasing RTN
times increase the surface N fraction to approximately .092 and
the interfacial N fraction to .091. At very high RTN times and
temperatures (12000C. 60 set), the surface N fraction measures
over .15 and the interfacial N fraction measures .07. This
maximum surface concentration differs by more than an order of 2
from the 0.35 fraction measured by Chang et al. [2). SIMS analysis
shows a very sharp hydrogen concentration peak near the surface.
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Process Induced Radiation Damage in IGFET Gate Insulators

Arnold Reisman'
2

'Microelectronics Cener of North Carolina, P. 0. Box 12889.
Research Triangle Park, North Carolina 27709

2
Depanmenr of Electrical Engineering, North Carolina State University,

Raleigh. North Carolina 27695-7911

In terms of initial device yield, and long term reliability, process induced radiaron
damage represents an area of considerable concern)

6 
The processes that need to be

examined include Ion Implantation, X-Ray. E-Beam and Ion Beam lithography.
Election Beam metal evaporation, Sputtering, Reuctive Ion Etching, and even SEM
examinatio-

The talk will discuss the effects of synchrotron X-imdiation in the energy range 300-
100 eV, os well as Al Ka exposures whico simulIa X-ray lithographic procedures.
It will describe such effects i the context of prelinnary studies dealing with vary-
ing rad exposure level at constant gate insulator thickness, as wsll as th behavior at
several, rad exposue levels as a function of gate insulator thickness.

Data will be presented indicating that despite prevailing beliefs, damage in the syn-
chroton range follows a linear relationship over the thickness range from less tham
lOunm to 50nm, indicating strongly that damage resides near the interface and is con-
stant with increasing insulator thickness. It will be shown that such behavior is con-
sistent with a simple model. Even if such damage can be annealed completely using
normal techniques. which is questionable, there are wide-ranging implications con-
cermng the rad hardness of scaled devices.

Preliminary studies of silicon implantation effects in gate insulatoms will also be dis-
cussed, as will questions relating to defect annealing behavior in insulators subjected
to different forms of radiartion. The silicon implantation studies are intended to
srmulate inadvertent implantaton damage in the gate insulator of an IGFET. The
focus will be on the electrical effects of such implantation, and the annealing
behavior, or lack thereof, and radiation tolerance observed with such devices. In
addition, based on existing trapping model equasons, data was generated lo trap
cross sections and densities, of both coulourhic and neutral centers ranging in X-
section from 10-13.

m
2 to 10 1

7
c=

2
.
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Deposition gas ratio and Post-depositnon RTA improvemet of The. gas ratio study cenfined some of the infonnation available in the
LPCVD silicon dioxides in VLSI processing literature'. However, the post-deposison annealing study in oxygen

anbient atsospiere in a RTA fnace provided significant improvmenent of

ILK. Park, 'IJ. Clake. and 
2
A. Reisman as deposited LPCVD oxides whereby their Properties approached the

characterstics of the thermal oside.

I'ficroelectronica Center of North Carolina

Research Triangle Park, North Carolina 27709, References
2

Depatment of Electrical Engineering, North Carolina State University, I. Richard S. Ruder, Solid State Technology. p.63-70, April, 1977.
Raleigh, North Carolina 27695-7911.

2. A.C. Adams et al, Solid Stae Science and Technology. and J. Elec-
trochem. Soc. Vol. 128, No. 7, 1981.

Chemical deposition of silicon dioxide films ate widely in use in VLSI pro-
cessing

1
'
2 3

. However, the characteristics of as deposited CVD films aae 3. TI. Karnins et alSolid State Technalogy, p.51-57,Jly, 1979

different from those of thermal silicon dioxides. The present study investi- 4. YasUO Uoochi et al. Solid StatSeclence and Technology, J. Electro-
gates improvements in the mechanical and physical characteristics of chem. Soc., Vol. 134. No.1. 19,7.
LPCVD silicon dioxide films subjected to rapid thermal annealing in an
oxygen ambient atsopsphete. The oxygen to silane gas ratio, O21SiM4, and
the reactant partial pressure were used to control deposition rate and unifor-
mity of the deposited oxides.

The changes in dielectric constant, etch rate, electric field breakdown
strength, bias-temperature suss instability, refractive index, and I.R.

aborption and transmission were examined on a series of samples to esti-
mate the level of improvertens associated with annealing

4
.

The changes in mechanical and physical properties indicate that oxidation

of "silicon rich" films and densification of the lower densiy LPCVD oxides
occurs during rapid thermal annealing.

Experimental

For these experiments. 4 inch. P-type, (100) orientation gettered device
quality silicon wafers were used. After standard cleaning to
NH4OH:H. O R20 , HC:H202:H20 and buffered HF etch/rinse cycles, the
wafers were coated with LPCVD oxides.

These films were deposited on closely packed vertical wafers in a hot wall
resitance heated furnace using Si- 4 and 02 mixtures. The 

0
2/SiH4 gas

ratio was varied from 2 to 9. The deposition pressure was approximately
250 reTort for all rum and the wafer temperature during the depositions
was 400"C ± 0.5"C.

Following deposition, rapid thermal annealing in an oxygen ambient atio-
sphere was conducted for varying lengths of time and temperatures. Times
up to 100 seconds and temperatures up to 1050'C were employed.

An automated ellipsometer was used to measure the oxide thickness. uni-
formity, and refractive index. Etch rate studies were conducted to provide
additional information. An automated capacitance-voltage plotter was used
to measure the bias-temperature stress instability and dielectric constants of
annealed and un-annealed films. A special set-up using a digital electrome-
ter was employed to measure electric field breakdown strength of oxides
with and without rapid thermal annealing.

Al temperature above 1000"C, rapid thermal oxygen annealing reduced the
as deposited dielectric constant from values as high as 4.41 for films
presumed to be silicon rich to approximately 3.80, essentially independent
of the value of the as deposited dielectric constant. For 1050'C annealing,
the dielectric constant approached 3.84, characteristic of thermally grown
oxides on silicon.

Post-deposition annealing produced a shift in the I.R. absorption and
transmission peak frequency toward that of thermal oxides. The amount of
the shift generally increased with the annealing temperature.

The refractive index of the deposited oxides was as high as 1.47. However,
after being fully asnealed they all approached a value of approximately
1.46.

Dielectric brjakdown voltages have been measured for samples approxi-
mately 1200A thick. For as deposited samples the peak in the histograms
of breakdown voltage corresponds to breakdown field suengths of 4.9-5.5

MV/m. Annealed samples showed a modest improvement in the break-
down voltage.

Results

The Iritial results have shown that the gas rano (SiH4A,2 ) has a marked
influence on both the dielectoc constant and breakdown field strength of an
deposited osides

415
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THE CHARACTERIZATION OF ELECTRON CYCLOTRON RESONANCE width of plasma films are normally broader while
PLASMA DEPOSITED SILICON NITRIDE and SILICON OXIDE those of ECR and thermal films are about the same.

FILMS This suggested that the ECR films quality are similar
to thermal films.

Son Van Nguyen and Kevin Albaugh
Nuclear reaction analysis for hydrogen showed the

IBM General Technology Division hydrogen concentration in ECR films deposit'J - room
Essex Junction, VT 05452 temperature are about half of the hydrogen concen-

tration in plasma films deposited at 300eC. The hy-
drogen depth profiles of the LCR oxide films are also

INTRODUCTION more uniform than observed with nitride films. How-
Low temperature plasma deposited silicon nitride and ever, the hydrogen concentrations in ECR films are
oxide films are excellent materials that can be used still much higher than those of thermal films (Table
for final passivation layers and interlevel II). It should be noted that the amount of hydrogen
dielectric films for very large scale integrated observed in our films is near the upper limit of the
circuit fabrication' Generally, the deposition hydrogen concentration range detected in ECR films
substrate temperature must be 350eC or higher to reported by T. Hirao2'

5
. Buffered HF etching of ECR,

obtain good quality films. For ultra large scale thermal and plasma deposited films showed that the
intergrated circuits (ULSI) fabrication, better ECR films etch much slower than plasma films; how-

interlevel dielectric films with lower hydrogen ever, the etch rates are still significantly faster

concertration are needed. In recent reports"'
5  

than thermal films.

silicon nitride and oxide films deposited by electron
cyclotron resonance (ECR) plasma processing were X-ray photoelectron spectroscopy analysis showed some
found to have lower hydrogen concentrations and other carbon contamination (8-13% a/o) on both ECR nitride
promising physical properties. In this paper, we and oxide surface. The surface compositions are

present a systematic study of the physical and SiO1.7 for silicon oxide and Si4N3 silicon nitride

chemical properties of ECR plasma silicon nitride and films. No significant differences in surface compos-
oxide films deposited at room temperaturs and ition were observed between ECR, plasma and thermal
compared these properties with those of thermal and nitride and oxide films of similar bulk compositions.
plasma chemical vapor deposited (CVD) films. Both nitride and oxide films have very nonconformal
EXPERIMENTAL step coverage. Films deposited without RF bias have

ECR plasma silicon nitride and oxide films were de- very poor (< 0.4) sidewall coverage. Unner many
posited in an ECR deposition system similar to the conditions, high aspect ratio grooves cannot be
system described in

2
. Silane and nitrogen and silane filled by ECR silicon oxide and nitride films.

and oxygen were used as reactant gases for silicon
nitride and oxide films respectively. Both films Transmission electron micrographs show that sidewall

were deposited at room temperature using 2.45 GHz film coatinge may have voids, are more porous and

microwave excitatio., with A magnetic fieid of 875 etch much faster in buffered F solution compared to

Gauss at I to 2 mTorr pressure. The film's physical films 
4
sposited on planar surfaces (Figs. 1-2). This

and bonding properties were analyzed using is due to the enhanced vertical ion bombardment

ellipsometry, Auger, Fourier transform infrared, X- characteristic of ECR processing', which densifies

ray photoelectron spectroscopy, transmission films deposited on planar surfaces. With RF bias,

electron microscopy, buffered HF etching and nuclear oxide films showed good planarization characteristic

reaction analysis for hydrogen analysis techniques. as has been observed by Machida'. The film in Fig.

Plasma and thermal CVD films deposited at much higher I was deposited without RF bias during the initial

temperature (350e and 800eC) were also analyzed and stage of film growth, then with bias for the remain-
compared with ECR plasma films. Boih ECR plasma der of the film. The voids occur in the portion of
silicon nitride and oxide films were also deposited the film deposited without bias, and the fissure oc-
over silicon trench topography and their step cover- curs during deposition with bias.
aee was analyzed under various process conditions.

RESULTS and DISCUSSIONS CONCLUSION

Ellipsometric measurement of as deposited silicon
nitride and oxide films have refractive indices of The physical and bonding characteristic of ECR plasma
2.15 and 1.47 respectively. Auger depth profiles deposited silicon nitride and oxide films were
analysis showed the nitride film has poor depth analyzed using various analytical techniques. ECR
profile uniformity and higher silicon concentration films deposited at room temperature showed better
than the stoichiometric composition of Si3N4. This qualities than those of plasma deposited films at
result is consistent with the higher film refraive higher temperature (350

5
C). The oxide film qualities

index. For silicon oxide films, the Auger depth pro- are almost comparable to thermal CVD films; however,
the nitride film qualities are slightly poorer. Forfiles is much more uniform, with the composition of both films, the step coverage is very nonconformal

SI01.9 (nearly stoiehiometric Si02) and sidewall films are much more porous under most
FTIR spectra show the presence of Si-N (' 880 cm 1 deposition conditions. This is due to the
bonds and smaller amount of N-N (2 3340 cm -) and anisotropic Ion bombardment properties of ECR

Si-H (z 2000 cm 'I) bonds in the silicon nitride film. processing. RF biasing can reduce this effect.

The principal Si-B bonds (- 1065 and 830 cm
I) 

and ACKNOWLEDGEMENT
much smaller amounts of SI-H bonds were observed in
silicon oxide films. Table I showed that halfpeak The authors wish to acknowledge the contributions of
width comparison between ECR, thermal and plasma D. ClCicco, K. Furland, S. Fridmann, D. Harmon R
deposited nitride and oxide films. The halfpeak Gleason, L. N.sbit, and J. Rembetski.
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Table 1. FTIR bonding analysis of ECR, thermal and plasma tiras

Film SiN I SiG Peak Width Film Deposition
Type Band Position (cm -

1
) Refractive Temperature

(cm'-
1

) Index (N) (C)

ECR SiO2  1065 110 1.476 25'

PECVD Si02 1050 230 1.47 30C

LPCVD SiO 2  1090 110 1.46 8000

ECH Si3 N4  865 210 2.15 250
LPCVD Si3N4  870 215 2.00 8000
Plasma ASM Si3N4  900 240 2.00 350'

Plasma ASM Si3N4  895 250 1.97 3000

Table II. Hydrogen content In ECR film vs 7: 4: 1 Subject: TEM Analysis of ECR SiC2butter HF etching

Film H2Atomic %/ Etch Rate Po,s eurrved S-0,
(IlMin)

ASM Nitride 20.240/ 200 A
PECYVD Oxide 9.12%/ 100OA':

(3000)

CVD Nitride 1.5.2.50/ 10 A
(800 -C) Oxide 1-2%/ 50-200 A

ECR Nitride 13.15%/ 80 A S
(25-C) Oxide 4.60/ 270A
300W

Figure 1. Lower corner of an ECR S102 tilted trench. Note the
pores In the oxide along the vertliat surface, and the
tissure In the oxide where the oxides grown from the
bottom and sidewall of the trernh meet.

~xJ.

-1Fm inn

Figura 2. ECR SlOIn trench - relief etched In 7:4:1 Si etch. Not* oxide layer at trench bottom
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ECR PLASMA DEPOSITION UNDER
A CONTROLLED MAGNETIC FIELD

S. Nakamura and S.Nakayama

Technical Research Laboratries,
Sumitomo Metal Industries Ltd.,

l-3,Nishinagasu Hondori,Amagasaki,660,JAPAN

An electron-cyclotron-resonance (ECR) deposition rate, is approximately the same as
plasma CVD process[l] is potentially effec- that in a conventional ECR process, because
tive for semiconductor fabrication. It can the plasma cannot diffuse out across the high
deposit a high quality insulator film(SiO2, magnetic field region.
Si3N4 etc.) on a semiconductor substrate Using the ECR apparatus with the DMC,
without heating. The ECR plasma CVD process, Si02 film is deposited on a 6 inches wafer
however, has shorccomings to be overcome; with 02 gas introduced into the plasma
(1) the deposited film thickness is not chamber and SiH4 gas into the reaction
uniform especially on a large substrate, e.g. chamber. The uniformity of the film thickness
6 inches wafer, and (2) it is unsymmetrical is <±5% against ±18% in the conventional data
in the periphery of the substrate when the (Fig.3). The film properties, refractive
film is deposited on a pattern. This paper index and buffered hydroflouric acid etching
describes an improved ECR plasma CVD process, rate, within the wafer are also uniform.
in which the shortcomings of a conventional Furthermore, the ions' incident angle at
ECR plasma CVD process are solved by the edge of the wafer is simultaneously
controlling a magnetic field, improved. Fig.4 shows the Si02 step-coverage

A conventional ECR plasma CVD apparatus at edge of the wafer. With the conventional
is shown in Fig.l. Plasma is generated in a divergent magnetic field, the SiO2 film is
plasma chamber by microwaves with the deposited unsymmetrically on the pattern, but
frequency of 2.45GHz, and extracted toward a using the DMC, deposited symmetrically.
substrate efficiently by a divergent magnetic
field. The shortcomings of the conventional In summery, both the uniformity of Si02
ECR plasma CVD process are due to the film in ECR plasma CVD and the ions' incident
diverge nt magnetic field. The electron angle at the edge of the wafer is drastically
mobility in a magnetoplasma is given by improved by controlling the magnetic field
M± / M, ± / D, = 1 /( 1+(Wc IV )2), (1) with keeping a high deposition rate.

where M is the electron mobility, D the
!iffusion coefficient, Lo the electron cyclo- REFFERENCES
tron frequency ( =eB/m, B the magnetic field,
m the mass of electron), V the collision (1] S.Matsuo, M.Kiuchi and T.Ono : Proc.
frequency, and the suffices, _L and / , 10th Sympo. on ISIAT"86, Tokyo (1986)471
indicate perpendicular and parallel component (2) R.Geller, N.Hopfgarten, B.Jacquot and
to B respectively. Thus, the following C.Jacquot ; J. Plasma Physics, vol.12,
condition is valid for the conventional ECR part3 (1974)467
plasma process.
M / Mi= D± / D/<< 1 , (2)

because of w,>> V . The equation(2) implies
that electrons(also ions in consequense of
ambipolar electric field induced by electron
motion[2]) move along the magnetic force line
and scarcely diffuse across the magnetic
force lines. Therefore the plasma density
just. above the substrate, i.e. deposition
rate, becomes nonuniform even if the
generated plasma is uniform in the plasma
chamber. Furthermore the slant incidence of
ions onto the substrate is unavoidable and
yields unsymmetrical deposition on a pattern.

Uniform deposition in ECR plasma CVD
process is achieved by a dual magnetic coil
(DMC) as shown in Fig.2. The DMC consists of
inner and outer coils with cylindrical yorks
located co-axially below the stage. With the
combination of the divergent field by ECR
coil, the inner coil generates a cusp
magnetic field and the outer one generates a
mirror field. The distribution of B measured
above the stage is shown in Fig.2. There
is a low magnetic field region just above the
substrate surrounded by a relatively high
magnetic field region. In the low magnetic
field region, the following condition of
M± / M/ - D / D# t 0 (3)
is realized; therefore the plasma can diffuse
isotropically in this region, and ions
incident normally onto the substrate due to
the sheath electric field. The plasma density
averaged on the substrate, i.e. the

439



microwave) 2. S5GHz). ihu M

0.24 -0 ith DMC uniformity

plasma_ 0. 22

S0.20

.0.18

S0.16

Siffii lasma stream -1 -40 0 40 80

)i stance f rom the stago center (mse

d~ ~i ve rge t Fig. 3 The distribution of SiO2 deposit ion
magnt ic f uxrate within a 6"0 wafei

exhaus t

Fig.l ECR plasma CVD apparatus

Si

the stage (a) Using divergent magnetic field

srtajft specimei, lm

(h) Using magnetic field contrelled
hr DMC

Fig. S Si it9 step-coverage at tie edge
\inner York oif a 6"0 Si wafer

ouevork DMCIZ

Fig.? The cross-sect ional view of I)MC
and the distribution of Bz above
th11e stave in oue olcurrent

o .?A arid iliner ti -2 8 A
r, he distanfce0 f rom t hie s ta PcE

ceniter
tc the perpend i ciiiar component
of B To the st age

4,10



Abstract No. 304

Plasma Induced Surface Modification the As chemistry. These spectra were curve-fitted to
of GaAs : An X-ray Photoelectron individual component peaks to determine the

chemistry of different species. The main peak atSpectroscopy (XPS) Characterization. around 41.4 eV was due to As in GaAs. While only one
additional peak was detected in the As 3d spectrum

Naresh C. Saha after NH 3 /N 2 treated sample, the spectra from the
Bipolar Technology Laboratory N2 and N20/N2 plasma treated samples showed

additional peaks.
Gordon Tam and Ronald N. Legge Four types of surface modifications werephoenix Corporate Research & Development identified, e.g., (i) the incorporation of nitrogen.

Motorola Inc., 5005 E. Mc Dowell Road (it) oxidation of GaAs, (iII) removal of native oxide

Phoenix, AZ 85008 layer and (iv) formation of an amorphous Si layer.
Nitrogen was incorporated only during N2 and

NH 3 /N 2 plasma exposure. Although, the extent of
nitrogen incorporation was comparable in the two

PEC^VD dic!,ocn ,. -lave been used cases, the chemistry of the surface layers was
extensively for passivating GaAs devices. However, different. In the N2 only plasma treated sample.
drift in high frequency performance, degradation in three As peaks with chemical shifts of 4.6. 3.5 and
DC parameters and high leakage current are still of 2.2 eV from the substrate As peak were detected
major concern. Many of the device failures can be (Fig.2). The first two peakb were identified as due to
attributed to the instability and/or chemistry of As205 and As20 3 . The amplitude of the third peak
the passivating film/GaAs interface (1). The increased with increasing depth of analysis. This was

Interpreted as evidence of formation of As-Nefforts to passivate this interface by bonding (e.g.. AsN. AsOxNy or GaAsOxNy) near the
hydrogenation, nitridation or by chemical interface. The Ga 3d and N Is spectral features also
treatments have shown encouraging results (2-3). indicated formation of GaN, Ga20 3 . GaOxNy or
In this paper, we examined, using x-ray GaAsOxNy types of bonding.
ohotoelectron spectroscopy (XPS), the nature of The exposure of GaAs to the NHs/N2 plasma
chemical modifications of the GaAs surfaces upon caused severe depletion of As from the surface. The
exposure to different plasma envirorments thickness of this arsenic depleted region extended
relevant to PECVD Si 3N4 and SiOxNy deposition well beyond the analysis depth (>60A) of this study.
conditions. GaONy and Ga(OH)3 were found to be the major

constituents of the surface layer. Arsenic, detected atGaAs (100) wafers were exposed to NH3 /N 2 , the interface, was present predominantly as GaAs
N2 , N2 0/N 2 , SiH 4 /Ar and Ar plasmas separately with only a small amount ofAs20 3 .
7.0 minutes at 250'C before the plasma treatment. The exposure to N2 0/N 2 plasma resulted in
Except for SiH4 /Ar, all plasma treatments were done the oxidatlon -f GaA. The prc~enc" O Ga,03
for 5.0 minutes at a substrate tempcraturc of 250°C and GaAsO4 at the oxide/GaAs interface were
using a power density of 0.03 W/cm2

. SiH 4 plasma evidenced,
was exposed for 40 seconds only. The NH 4 OH treatment prior to loading the

All samples were transported into the XPS sample in the plasma chamber produced a thin
spectrometer chamber within 5.0 minutes of plasma native oxide layer containing As2 0 3 and Ga 2 03.
treatments. GaAs samples after fresh NH 4 OH etch Heating the sample at 250'C in the plasma chamber
and 250°C bake were also analyzed for comparison, in vacuo only increased the thickness of the native
All XPS analyses were carried out in a Perkin Elmer oxide layer. The oxidized surface layers inthese cases
5300 spectrometer with variable angle measurement were found to be As2 0 3 rich.
capability. Both SiH4 /Ar and Ar plasma exposure virtually

The high resolution XPS data of As 3d, Ga 3d. eliminated the native oxide layer. An amorphous
0 Is. N Is. Si 2p and Si KLL regions were collected silicon surface layer was forned during Sitt 4 /A
at different take-off angles (50-750) to delineate the
chemistry and to obtain the nondestructive chemical treatment.The XP'S data characterized the chemical
depth profiles of the atoms in the modified layers nature of different plas a induced surface
and their interfaces with GaAs. In all cases. the
photoelectron signal due to GaAs substrate was modifications of GaAs surfaces. These results will be
detectable at higher take-off angles and hence both used for treatment of GaAs surfaces prior to
surface and the modified laver/GaAs interface depositing different PECVD dielectric passivation
chemistry could be examined. From the relative films to further understanding the effects of
intensity of the high resolution peaks. 0/(Ga+As), Interface modifications on device performance.
As/Ga and N/(Ga+As) ratios were determined as a
function of take-off angle of measurements (Table-l). References:

All surfaces were extensively modified by
plasmas. The nature and extent of modifications 1. J. G. Tenedorio and P. A. Terzian. lLEE
were found to be characteristic of the individual
plasma to which the samples were exposed. As/Ga 2. F. Capasso and G.e. Williams. Eleciro-
ratios in the top 5A of the surface layer ranged from c.e. Soc.. 129. 82 (19821chem. Soc.. 129. 821 (1982)1.90 to 0.05. As 3d and Ga 3d spectra were complex 3. E. Yablonovitch. C. J. Sandroff, R. Bliat and
in many cases due to presence of more than one
components, especially when nitrogen was found T Gmitte-. Appl. Phys. Lett., 51. 439 (1987)
incnrnmnrt d in th' ,,xnnlp F , llluaLates the

nrlifying cliect of nitrogen containing plasmas on



Table-I: Elemental compositiosa (at%) of GaAs surfaces
after various plasma and chemical treatment,

Treatment 0 AS/Ga O/(As/Ga) N/(GaAs)
5. 1.95 1.02

4..G~ NH4OHIG:l0) 45- 1.52 0.31
Pea#1... G~s 5* 1.08 0.20

ci Ps 3 ..AaN 1. 35 1.05
Pek4.-ANH 4 OH(1: 10), 45- 1.24 0.46

5 PeSK*4. .... .A 10 3  
250'C bake 75o 1.44 C.39

7 205 51 0.84 1.31
Ar plasma 45' 0.90 0.39

SU-14/Ar 45' 1.29 0.46

plasma

50 45 40355 1.06 2.27
40N 2 0/N 2  45. 1.06 1.18

BINDING ENERGy, ev plasma i , 1. 12 0.97

F hg.2 g r'ress- of 3diff sern t~r Nadze splasa.ps 5 1 0.92 1.22 0.39
slsr~ 0 resnc 0 dffeen oldardspcis.N 2 plasma 45' 0.95 0.71 0.32

1175' 1.34 0.71 0.23

Yc 0.05 1.62 0.41
NH3 /N 2  450 0.24 0.85 0.27
plasma 75: 0.32 0.71 0.27

z

50 45 40 35

B3INDING ENERGY. eV

F19. 1: As 3d XPS spectrs frons GOaa surfate after enposr o
(a) Arl sputser. Gb) NH3/N, plsma (c) NiGO/Ni plasm
and WI N2 plasa
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PHYSICAL AND CHEMICAL Magnetron sputtering is thus a potential-

PROPERTIES OF MAGNETRON SPUTTERED ly attractive method for production of

SILICON NITRIDE FIuS silicon nitride thin films.

The objective of the present report is to

*T. CARRIERE* - I.VIC
K
RIDGE

*5 
- describe the preparation and properties

B. AGIUS* - P. ALNOT*** - of silicon nitride films deposited on

J . SIEJKA** and R. JOUBART*** GaAs substrates by reactive sputtering in
an R.F. plasma magnetron apparatus. We

*I.U.T. UNIVERSITE PARIS SUG show that under appropriate conditions the

B.P.23 - 91406 ORSAY deposited film is suitable as an annea-

CEOX SRANCE ling encapsulation.

**GROUPE DE PHYSIQUE DES SOLIDES

de lE.N.S. TOUR 23 EXPERIMENTAL

11 Quaf St Bernard

75005 PARIS FRANCE Silicon nitride films were deposited at
room temperature on GaAs semi-insulating

***THOMSON-CSF (001) substrates in a 13.56 Milz

DOMAINE DE CORBEVILLE magnetron ALCATEL SCM 440 device. For

91401 ORSAY CEDEX FRANCE low plasma power densities (1.27 and 2.56

W cm
- 2 )

, magnetron mode with pressures

EXTENDED ABSTRACT between 2.10- and 2.102 mbar were used

with equal mass flows of N2 and Ar.

INTRODUCTION Nuclear reaction analysis (NRA) was used

The development of appropriate passi- to measure the atomic composition of the

vation and/or encapsulation schemes films. The new method used to directly

for III-V compound semiconductors measure the relative atomic ratio N/Si

is of considerable interest for appli- with a precision of between I and 2% wll

cation to integrated circuit, electro- be described In detail elsewhere (1:.

optic, and high speed high power devi- Oxygen was measured by 160(d,p1 ) method

ces. III-V semiconductors require low at 8lab=
9 0 °

. In addition to NRA, x-ray

temperature processing, and for thi' photoelectron spectroscopy (XPS) and el-

reason plasma deposited silicon nitri- ]ipsometry were used, and film stress and

de films have been used extensively HF dissolution rates were measured.

in industry. Unfortunately,

plasma-enhanced chemical vapour depo- RESULTS

sition and ultra violet chemical va-

pour (PECVD and UVCVD repcoIvrly) The results given in table I show a clear

result in films contaminated by hydro- correlation between the plasma power den-

gen, which can degrade device perfor- sity and film deposition rate. Film com-

mance by diffusion into the substrate. position determined by NRA (colums 6 and

7) and the XPS measurements (figure 1),

An alternativ approach is cathodic suggest that the lower indices measured

sputtering, which can pioduce hydrogen- by ellipsometry are closely tied to higher

free silicon nitride at low oxygen contamination in the films, The

temperatures. In addition, if magne- stress decreases rapidly with oxygen con-

tiron system confinement is used rather tamination (figure 2). These results show

than a diode system configuration, that a compromise should be found between

then lower deposition pressures can be oxygen contamination and stress ; they al-

used. A further advantage of magnetron so suggest that the intermediate deposi-

confinement is a much reduced cathode ion pressure ('v.7 i0-
3 
mbar in our en-

plasma potential, leading to a much perimental conditions) must be choosen to

reduced flux of energetic neutrals elaborate ideal films for GaAs encapsu-

scattered from the cathode. The abi- lation.

lity to use lower power density and

absence of energetic neutrals reduce

the generation of defects at the (l).I.VICKRIDCE, to be submitted to NIM.

film/substrate Interface.
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Table I Silicon nitride characterization
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Figure I : O(ls)/Si(2p) and Figure 2 Stress vs oxygen contamlna-
N(Is)/Si(2p) ratios as a function of tion of the film
total reactor pressure.
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ON THE CONSTITUTIVE DISTRIBTtED PAflAMETER 2

TICOMPONENT PLASMA PROCESSING. V2Ur]XeIl t
PART I. A CONSTITU.TIIVE DISTRIBUTED P AV2U±UFrTt .2

MATHKATICAL MODEL CF THE MULTICOX- (I ') ii
PONENT PLASMA PROCESSING.(I

Wsclaw NIEMINC
uathematical Modelling and Control for 

r J
Distributed Parameter Systems, Silesian+
Technical University, Ul. Barska 33, PL-33.- _j t)~

300 KNy S~cz, Poland.

ABSTRACT. Iai5 U, 41 ".)V 0 U ~l(,
The problem of' this paper is to construct an + dvv UCeorgna yte fthe partial differential 4~,1r I) i~coei)r*
constitutive state equations of the mathe- 9V2C _?al t)
naticl model of the distributed parameters V e,)r ±Tra (l4)
of the multicomponent plasma processing.r

INRUesTION doe notI hav toej)~~ , soldth IproblediA.
The world literature containing the plasma

of both kinetics and phenomenal distributed 3 4(e i
narametar modelling of the plasma processing where: 5
speciall11y con'nec ted with the multicomponent DQ03laegain
?as, paseef[1-51. 0n th1e basis of the reciprocal b-. ;Ae)gre'd r sum If adequt gain
con stant image for the isotropic and aniso- +n the~ic
tropic nonhomogeneous media wit ,, he spcenrd frhte cond tie nnir ca th
and timermemo rie of the sourcelgj, the defi - fo tecodt o1 [71 b] th
": 1, 1on of the following derivet lye and the constant end variable coof;;clents L9J.
partial iifferential equation of thb contin- CONCLUIONS.
uity fo r every stateovariabe of the multi- The deduced mathematical model contains th.e
component plasma processing [7] ,an original very wide class of the problems of the
system of the nartial diff'erential constitt- identification and control of the multicom-
;!e state equations has been deduced. This ponent plasma.
approach Its connected to the INPTJT-e*6OtJHC"- NOTATION.
PLAhMau PROCEsiNG-~oufPur1 interpretation of For: r-components , 1-nrt 181 process ings94
the appearance end the existence of the mul- electrons/ions),Cs )Fconcentration kin,,
ticoinponent plasma[8]. v -velocitg ntis, U -voltag2eVT -

IAULTCOMPNENT LASM PHOERSIN. iS~eretreOK1u.l N m (ar
THE LOCALLY DISTRIBUTIED PARAMETERS OF THE ourr~ ten tyRsi -/e ;e~ t%

ened to introtuce the definlitionlMl~t N D -diffu;n mlZA,~
D'IT'IOU 1. For every processing point , odu~ Ityk~ m i -hermic
P(X,ylzlt) of the multicomponent plasma ax- iff in kg/ 0 Y cK I~ ~ PA he
Isis the locally selected volume-time eimeit J/g,-cIV vo u

4
A T kjeIrha

~ ~~having cuboidAl shape for which transfer KW~ -diffusion' ha
is ' f l lec relation whr:transfer 4m4 rleti u

P(x v z,t)b (x zt 1, ec triccurns - e 0 -voltage
thed mt P(xl , z,t) is the geometric centfl ecti urn density, A/V.' Ik i)i-

Of y Z~:S -the working space vol- electric cu~rent by temperature I
um-th~

1  
z~~fthtpesa pprausJ radient A/Ks -4 el 5ctric current by

As a consequence of the introduce of this con entrati ure nt VAJ ;k QU -oteAPS
oint of view we hae:"a reJ UcrccretVI T

DEINTIN .For the constant coordinates COsihi flV )rof~cn W rnV'<
point ?(x,,y,z,t) exs , Rpt , theivariable - yai viost 5y
coordinates point q ',i 3  suigteREFERENCES. t-tima *

reciprocal relation oft. th physical phenom-- . Celiuiski, Z', PlazmaWarszas,MN *1980.
anon and Its source F2j Czernietski, A.W Wtq do fizyki plw-

:kiguse of all known physical phenomena [JNrod JFzk s.izsa ase
of the rulticomnonent plasma processing In sa Norw 98d., Iyawp.Izsa asa

he way of above definitions is deduced the w~1KallW 19. rvlicAMi'zk
mathematical model of the distributed ( rl,1.. rvlicAWFzk
parameters of the multicomponent plasma pro- ,plnzmy..Varszsa,1?AN 1979.
cessing, of the eleotrons and Ions aspects. 15 Pai, S., mAgnetogAsdynemics and plasma

dynamics.WienSpringer Verlag hu%2.
THE PARTIAL DIFFERENTIAL CONSTITUTIIVE STATE [6 Nowacki, W.7,DynAmiczne zagadnimnia
EQUATIONS DESCRIBING THE MtJLTICOMPONENT [7 aermosprqty stoic i.Wnrszawa, PAON 1966.
PLASMA PROCESSING. *AredniswsqI B. Hydrody namika i teoria
Prom the kinetics end phenomenal analysis of aorqtystosc Iiarsa ,PWN J977.
the multicomponent plasma processing we have [81 Wqgrzyn, 3., Podstawy automatyki.
Its description: Uc1 1rezasea PWN 1974 .

5 1 ie) ~ 2o e") .uor an, I.J.A., On the construction of
C( )C( divv(,, c on stitutive equations for continuous

Dt (ei) , ev ) media. Archiwum Mechaniki Stosowane),

t V i~~ Vol. 17, No. J~p 145-174.(1961)).

81-L Thlocally selected volume-time element

± A t)(1) is phenomenally closed, so
ra 6 " 'y7) tthat the Influences of every

VI#)T phenomenon on the state vector In the
:e1p( -)AU 'C.i)~ '.A D11 445 point iP( x 'y, can be treated In the

LitL)%separateoa
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6ON THdE CONSTITI~rIVF DISTRIBUTESD PARAMETRr, otAG eond divrotB 30[2]. From this

MODELLING FO0R PHENOMENAL CONTROL OF THE MUL p 0 0o i 0  viecg we W
TICOMPONENT PLASMA PROCESSING. ! nt ,.The DO a I ib e point of the d
PART !I. THE ANALYTICAL SOLUTION AND CONTRL nt 2ild 1 'R ~ he')

INTERPRETATrION OF THE CONSTITUTIVE we have from the sys temP I)
MATHEMATICAL MODEL OF THE MULTICOM- 'i~~
PONEE'r PLASMA PROCESSING. ai e, )vei)C -- %~y

- aclaw NIEMIRC 2T(%~ I IrMathematical Modelling end Control for rDT(ei)rV I)
Distributed Parameter Systems, Silesian
Technical University, Ul. R arskat 33, PL-33- (,17ToA300 Nowy Sqcz, Poland. R2ci~~JJ= rz

The article is devoted to the analytical II1I) r 1ei
solution of system (1) being deduced in the ei eA(,

2~,PART I of *he paper end its interpretation Zt 0 3

from the point of view of the distributed (0e~~ T )
parameter control theory. Two cases of thisT~ -t _F1h -iT. 4~
s8lution have been considered: rei
A -the existence of the initial conditions, C (ei) r 4

Boteexistence of the initial and boundaryr

for the composite phenomenal solutions. .4ei)W --U uoi 1eVv r
INTRODUCION. V 2  -:i Ut~ ,irerV er
In. the aim of this part a V ead to solve
th e deduced in the Part Ifll,ethe s ystem of(C
the partial differ entip l constitutive. state ~-gep 6
equstiong ',I). The solution can contain two The point 2

0
,b. ThR v~rA le point for the

cases: A -8he existeance ofothea initialacon- "otational fieldQ ''
ditions B -the existene o f the initial end and from' th ' s
bound ary nonditions. The procedure of the an DfOteete is
s8 lution of the system (I) has the operatims: DC, . d 1

I.The modification to the source system - dv (t
ofothe timr ordinary differential equa- 1ritions.in every point Pkxvytz~t). C (e=cpXT - Cei T~l div. 2i)

20. T he disposition of the homgnospr* ~ ~ ~ C(ei e -ej
nof the system (1) for the sysem of 2J: =2d 0 C T)
a/the partial differential equations of Dt e,Ji)

/the potential fields, .IV
b/the partial differential equations of

the rotational field /velocity vector/. Dt 4 1 divaj
30. '2he separationmof Vhe single phnoen D

from, theysistem (2 .a). phnmn1(.1i)t ± ~ Ud'eiV)(5)j
40. The ~nlyt cal solutions of the phenomenal Dv

Partial difrnilSutosfrom the 0 (e E) t lI(eVPei - ke,V-%)d-4e,U)*
s~tems 2 case and)D (2 b) for th cadsvs

A sand B*4 graddiv~) b
50 The summat;ion of the effects of the phe- where: kei

no~enAl partial differential equations D 0 ~ ( ~ Ad []
2 .a)+(.2'.b)+(I') tertinant to theUT & /e g1 .

state variables [0 The] Poin30. The aseparation of the single
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can thus be correlated with grain size and grain morphology in
these nmetal lines.

Electromigration in Submicron Interconnects

and Multilevel Interconnection Electromigration lifetime measurements on AI-Cu
submicron bend lines were carried out under a current stressing

Thomas Kwok of 2.0 MA/cmt at 162'C. (1) Each Al-Cu submicron line con-
tains 12 to 96 horizontal bends with separation between adja-
cent bends ranging from 80 to 10 ;on. The lifetime was found
to decrease linearly with increasing number of bends at a rate

Thomas J. Watson Research Center of 0.4% per bend. No dramatic changes in grain structure from
Yorktown Heights, N.Y. 10598 the straight line portion to the bend structure in these

submicron lines were observed. Current density distributions

Multilevel interconnection usually consists of metal lines in studs and vias have been calculated by finite element

of different lengths, widths and thicknesses, and contains ge- method. 11it Our results revealed the presence of two current
ometrical structures such as bends, studs and vias. It is neces- density peaks in a vertical bend structure (stud). Their niagni-
sary to study the effects of metal line length, width and tudes were found to be two times the average current density.
thickness, and these geometrical structures on electromigration The high current density peak and the associated flux diver-
resistance in order to determine the maximum current densities gence in the bend structure can account for the observed de-
allowable in interconnects. Moreover, the linewidth of inter- clease in electromigration resistance in metal lines with bend
connects is shrinking into the submicron range to improve cir- structures. Our data also indicated that current density peak in
cuitry density and speed performance. With the projected high studs increases with decreasing stud width and increasing as-
current density in st.Lmicron metal lines and current crowding pect ratio or metal line thickness. The rate of increase is faster
in these geometrical structures, there is increasing reliability for submicrtn lines than for wider lines. Current density peak
concerns of electromigraton-induced failures in VLSI multilevel in the via step region was also found to increase with increasing
interconnection. A number of studies on linelength 11 .3 and step angle.
linewidth 1 -1) dependence of electromigration lifetime in metal In conclusion, the stud width and its ratio to metal line
lines wider than 1.0 At have been reported. This paper sum-
marizes ur results on the dependence of electromigration liMe- tc rdin n

time on linelength, linewidth, film thickness and number of r and electromigration resistance. As muhilevel

bends in submicron metal lines. The effects of current crowd- interconnection consists of metal lines of different geometry

ing and local heating in studs and vias on electromigration re- and with different numbers of bends, when one defines the

sistance in multilevel interconnection are also discussed. maximum current density allowable in interconnects, one
should consider the weakest metal line geometry with the larg-

Several metal line testsites of different line lengths and est number of bends.
widths, and with or without bends were designed for
electromigration lifetime measurements. Testsite patterns were References
generated by electron-beam lithography and samplcs were fab-
ricated using lift-off technique. Different thicknesses of Al or I. B.N. Agarwala, M.J. Attaro and A.P. Ingraham. J. .4ppl.
AI-4wt.i,,Cu films were deposited on the substrate by evapo- Phys. 41 (I0), 3945 (1970).
ration front RF induction of Al or AI-Cu alloy sources, respec- 2. A.J. Learn and W.H. Sephard, in Proc. of 9th Intl RHe/O.
tively. Patterned wafers were passivated with 6.5 uni sputtered Phys. Snp.. IEEE, eds., (1971), p. 129.
quartz. Data on vltage and current measurements of each test 3. H.A. Schafft, T.C. Station, J. Mandel and JD. Shott, IEEE
stripe was taken every 15 or 30 minutes until the test stripe Trans. ED-34 (31, 673 (197).
failed either by void-open or extrusion-short. Microstructure 4. G.A. Scoqan, B.N. Agarwala. P.P. Peressini atd A.
studies on these metal lines were carried out by transmission Brouillard.t in Proc. of 13th ntl Relia. Phys. Sirnp.. IEEE,

electron microscopy fTEM). eds., (1975), p. 151.

The electromigration lifetime of Al-Cu submicron lines, 10 5. S. Vaidya, r.T. Sheng and AK. Sinha, Appl. Phrs. Lett. 36

to 500 pm in length, have been measured under a current (6), 464 (1980).

stressing of 2.5 MA/cm
2 at 227 0

CY
'

" The lifetime was found 6. E. Kinsbron, Appl. Phys. Lett, 36 (12), 968 ( 1 Q8,).

to decrease with increasing linelength from 10 to 50 pit and 7. S.S. Iyer and C.Y. Ting, IEEE Trans. ED-31 (10), 141,8

then level off between 50 to 500 pot. The insensitivity of life- (1984).
time to linelength for length greater than 50 pot can be under- 8. K. Eden, W. Roth and H. Beneking. Microelectronic Enrii-

stood by assuming that electromigration-induced failure in neering. 1 263 (1983).
these metal lines is caused by intrinsic defects. The 9. T. Kwok. J, Finnegan and D. Johnson. Proc. if 5th Intl

electromigration lifetime of Al and Al-Cu lines, 0.5 to 2.0 At VLSI Multilevel Interconnection Conf. IEEE. ed., (1985),
in width, have also been measured under a current stressing or in press.
I MA/cml at 182'C.11i The lifetime was found to decrease 10. T. Kwok, in Proc. of 1st Intl ULSI Set. and Tech. Sitr .
with decreasing linewidth and then increase beneath a critical ECS. ed., (19871, p.593.
width. The critical width was ftund to lie between 0.625 and 11. T. Kwok, C.Y. Ting and J.U. Iltan, in Proc. of 2t Intl

2.0 pi for film thickness ranging from 0.35 to 0.9 pot. The VLSI Mu/ti/evrl Interconnection Conf. IEUE. ed., (1985),
grain structure was found to approach a bantboo structure in p.83.
those submicron metal lines with linewidth comparable to or 12. T. Kwok, in Proc. of 4th Intl ILSI Afu/ttlerel It'rcon-
smaller than film thickness. '"I These submicron metal lines nection Conf. IEEE, ed., 11987), i.456.
were also found to have longer lifetime than other metal 13. T. Kwok, T. Nguyen, P. ilo andS. Yip, in Proc. of25th Intl
lines. 1

'
I1 The effects of linewidth and film thickness on lifetime Refin. Pliys. Syrip.. IEEE. rd.. 11987 130.
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Failure times are summarised in table 1, showing MTF and times
to 2% failures (T2F). The AI/Cu figures in brackets have been
converted to the higher stress for comparison, as has the 3000
hours at the lower stress which all other films received, using

IMPROVED ELECTROMIGRATION PERFORMANCE IN Ea-0.7eV and n-2 in the empirical Black model [91. The 12-fold
AL/4%CU USING A RANGE OF REFRACTORY CAPS Increase in MTF of the combination films over AI/Cu is evident,

but of greater interest is the effect on spread - evident in the
ratio MTF/T2F. The provision of an underlayer and the provision

N P Armstrong and thickening of a cap progressively reduce the spread, through
the protection of damaged sections or sections having particularly

Plessey Research Caswetl Lid adverse local grain boundary configurations. See figure 2.
Caswell, Towcester, Northants, England

The reason for the very long life of the Ti-capped films is not
clear, though a change infailure mode is evident from the form of
the damage in figure 3 (cf. figure 2 - TiW cap). AES profiles

INTRODUCTION suggest that the Ti caps are mainly oxidised.

AI/Cu alloys are not universally used in metallisation, due largely Some whisker growth (figure 2) was seen on all combination
to difficulties in dry pattern definition. However, they have been films after lifetest, but SEM examination of a further lifetest at
widely used In applications where high current density and/or the higher stress, terminated after only 286 hours, suggests that
high operating temperature give At and At/Si an inadequate life to these mainly grew after the time to 20% resistance increase, as
electromigration failure. Although Median Time to Failure (MTF) current continued to flow considerably longer. The thin Ti cap
data suggest AV4%Cu to be adequate for these applications, the delayed whisker growth, as no whiskers were seen on Ti-capped
very large number of current-carrying tracks In ULSI demands films after 286 hours.
that the very early part of the failure distribution be taken into
account, making the slope as important as the mean. The track
microstucture, which may be constrained by process or CCNCtJ90NS'
equipment considerations, has a very large effect on both MTF and
slope 11,21. In narrow lines (1-2arm). several researchers 1. In narrow tracks with grain size a significant proportion of
[2,3,4] have observed increased MTF, but recent lifetest data at trackwidth, early failures due to adverse local configuration
various linewidths [5] has siown a corresponding increase in may limit operation of AI/Cu metallisation in VLSI to
spread, with overall adverse effect upon time to early failures, commercial temperatures unless it Is shunted and/or capped by
Hence it is desirable not so much that MTF be increased as that the a refractory layer.
failure distribution be light, corresponding to a very low initial 2. A 0.2jam TiW layer under 0.5pgm AI/Cu increases MTF by 7x.
failure rate, rapidly increasing near the MTF. and time to 2% failures (T2F) by 40x. Addition and thickening

of a TiW cap progressively tightens the failure distribution,
Recently a number of researchers [6,71 have reported dramatic causing improved MTF without effecting MTF.
improvements In MTF compared to AI/Cu alloys, using multi- 3 The growth of long regular whiskers determine usable life of
layered films. However, some such structures [61 may be Al/Cu films shunted with TiW, though life remains far in
unnecessarily complex - and hence difficult or time-consuming 1o excess of AI/Cu alone.
produce in a production environment, particularly using 4. A thin partly oxidised Ti cap greatly enhances life to open
pipelined single wafer sputterers. The present need is for a circuit failure, inhibits resistance increase and delays onset of
tighter failure distribution with the minimum additional whisker growth.
complexity. 5. The statistical significance of large numbers of tracks within a

VLSI ASIC demands a very tight failure distribution. In the
absence of quantitative data on Ti-capped films, the film tested

EXPERIMENT which best meets this requirement is TiW+AICu+TiW(.15gm).

The use of a silicon free alloy demands a barrier material between
it and the Si substrate at contacts - a sputtered refract ,y IQ'D3WIEDGEMEJTS
underlayer such as TIW has been widely used. A capping layer
may be useful to suppress thermal hillocks and to redu,e This work was partly funded by the EEC under ESPRIT project 14:
reflection during photolithography. Thus with three layers the "Advanced Interconnect for VLSI". Thanks are due especially to
process complexity Is not Increased purely for the sake of N.P.Francis who performed the lifetests.
electromigratlon resistance, particularly if TIW is the cap, so
that only one extra material Is required. However, also within the
three-layer maximum are films similar to those reported by REFERENCES
Shen [7], using a thin Ti cap. Adding AL/Cu and TIW + AICu
controls, the range of films selected for the current evaluation is 1. P.Merchant & T.Cass, Proc. 22nd IEEE IRPS, pp259-263
shown in table 1. The film cross-section is shown in figure 1. (1984)

2. S Vaildya & A K Sinha, Thin Solid Films, 75, pp253-259
All depositions were performed using a Varian 3180 sputterer, (1981)
without vacuum break or RF etch between layers. The test vehicle 3. S Vaidya, Sheng & A K Sinha, App Phys Left, 36 (6), pp464-
used for Ifetest was close to that recommended by Shaft [81, being 466 (1980)
3.5im wide by 17501m long, with voltage taps at each end. 4. T Kwok, Proc 4th IEEE VMIC. pp456-462 (1987)
Films were on 0."prm thermal Si02 and were unpassvated. Track 5. R.J.Dulnlak, to be published
temperature was measured using both temperature coefficient of 6. D.S.Gardner, T.L.Mlchalka, P.A.Fllnn, T.W.Barbee Jr,
resistance and thermocouples in contact with the base of the K.C.Saraswat & J.D.Mendl, Proc. 2nd IEEE VMIC, pp102-113
package. (1985)

7. B.W.Shen, T.Bonifleld & R.Blumenthal, Proc. 3rd IEEE VMIC,
The lifetest was run at 189degC, 10

6
A/cm

2
, and films with AICu pp191-197 (1986)

alone failed with MTF - 980 hours. After 3000 hours, none of 8. H.A.Shaft, IEEE Trans. ED-34, pp673-681 (1987)
the films on TIW had failed, so current density was increased 9. J R Black, IEEE Trans ED-16, pp338-347 (1969)
fourfold, with resultant temperature increase by Joule heating to
216degC. All samples failed within a few hundred hours at the
higher stress, except the thin Ti-capped films which mostly
lasted beyond the 2000 hour duration of the higher stress test.
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A/%uTiW> AICu . TjW T2F MTF Ratio

-4 T nelyr0.5 (1.4 23) 16.94-TWudelyr0.2 0.5 48 300 6.25
0.2 0.5 0.05 67 300 4.48

Sj20.2 0.5 0.10 82 280 3.41
SSO 0.2 0.5 0.15 130 242 1.86

0.2 0.5 .02 Ti >2185
0.2 0.5 .03 Ti >2065

Figure 1: Structure ev2luated
Table 1: Failure times (hours) for AI/4%Cu with

refractory underlayer and caps.
2l6degC, 4E6 A'cm2

Figure 2: TiW + AICu + TOW (.15pim) after Figure 3. TIW + A(Cu + Ti after3000 hours (216degC. 4xl0 6A/cm2) 3000 hours (2l6degC. 4xl0 6A/crn2)
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STREllS INDUCED MIGRATION OF ALUMINUM-SILICON FILMS: -migration, but not necessarily against S.I.M. Addition of

INytLyFNCING FACTORS AND COUNTERMEASURIiS palladium (Pd) to Al-Si shows a similar (normal cool) or much
better (slow cool) improvesent (rig. 3). On tite contrary,

I. Katto and S. Shimizu* addition of titanium (Ti) resulted in very poor reliability.

Musashi Works, Hitachi, Ltd. The layered structures of AlCuSi and MoSh2 show much

1450 Josuihon-cho, Kodaira, Tokyo, 187 JAPAN longer conductor life (Fig. 3). However, many wedge-shaped

*levice Development Center, Hitachi, Ltd. voids, though not fatal, are observed along the AlCuSi lines

2326 1mai, lme, Tokyo, 198 after a long period of stress. This probably suggests a
sophisticated mechanism: the aluminum life may not be

INTRODUCTION Sputtered aluminum-silicon (Al-Si) conductor improved essentially by the use of MoSi,, but MoSi, probably

lines fail at high temperatures under the mechanical stress forms an electrically conducting bridge where aluminum fails.

of the overlaid intermeta, insulator and/or passivation film To reduce S.I.M. failures, controlling the film

without current stress [I1. Especially in multi-layer properties of overlaid insulators must be an important

tchnologies, the lower metal lines s-c a greater stress from solution to be pursued. We have not yet found good means to

the overlaid insulators including th, intermetal Sil film. do so, however, because the oxide deposition conditions are

While electro-migration failures in be often avoided by determined by taking many other requirements for interetal

proper layout, stress induced migration limits allowable insulators into consideration.

widths of m.ta lines. It affects chip size, and gives an TOIERABLE METAL WlOTII The metal life without steps is

essential, physical limit to multi-layer metal systems, dependent on metal dimensions (width W tI icness 7) and

We have developed a technique to evaluate stress induced 
the temperatore T by

migraLion by using a test site, and successfully 
applied it

to study the process parameters affecting conductor life, and r co W n, n cxp(l;a/kT)

to advise techniques to improve metal reliability. where, Parameters are experimental]y given by
0AM} 1 & MEASURFNENT Metal is sputtered onto substrates
with thermal-Silli (or PSG) on silicon, and photo-etched. h,- 3.2, n,= 2.8, and Eaz 0.6 cV (TS200C)

Metal length is typically 1.0-1.4m. A passivation layer of Sp for AlCu(O.S%)Si with Sp-SiO, passivation (Figs. 4, 5, and 6).
-SiO,/p-SiN, p-SiO/SO /p-Si(I, or p-SiN/PSG is deposited on These values are different from those obtained by Al-Si

top of the motal (Spa Sputtered, p
= 

Plasma). %= or N, anneal with p-SiN passivation [4) suggesting different failure

is made before the storage test. Standard anneal condition mechanisms dependent on insulators.
is 450-475"t:/30min + normal cooling rate. By extraporation from the test data, the minimom

Poly-Si + isolation steps with PSG overcoat are used as allowable line width of Al-Si to assure 100 fit at 70, in 1l

substrates when step enhanced failures are to be tested. years is 
3
.2/m (T

= 
80On) for the metal length of [

= 
5mm

In the storage test, metal resistance is first measured using p-SiO or Sp-SiO, passivation (Fig. 7). Narrower metal
at the room temperature of all test chips in a wafer. Wafers lines can be used osly if p-SiN is used as the overlaid layer,
are then stored in an oven at 125-3008C. No current stress or in case the metal length is much smaller.

is applied. Metal resistance is monitored at the room In case of Al-Cu(.5%)-Si, the minimum allowable line

temperature at intervals. Metal open is defined by IOMQ. width is 1.3-i.6am (T= 50Osm, L= 5-10m) by the same
INFLUENCING FACTORS Stress induced migration of alominum criterion.
deLen N o R tThis indicates that sub-micron [0Is need new metal
depends essentially on (1) metal quality, (2) metal dimensions, systems where multi-layer technologies using p-SiO are a norm

(3) overlaid insulator, (4) annealing conditions, and (5) in many categories of products. Layered structures are

storage temperature. Also, steps in the substrate affect the important candidates for this purpose. The metal life of the

metal life. layered structures using MoSi, is found well below I go,

Na inclusion during the metal deposition L2) makes although not clearly identified yet due to insufficience ,f

aluminum so hard and brittle, and failures are greatly test time.
accelerated (Fig. I). Failures at steps are found dependent

on silicon content [3) in Al-Si (Table I). The following DISCUSSION ON _AYERED STRUCTURFS To make the local
experiments are made by using N-free aluminum with moderate resistance of the bridging NoSi, low enough where aluminum is

-ly low Si content of l.0-l.5%. open, it is desirable to make it thick enough. Replacing it
The key factor of the stress nduced migration is the with such low resistivity materials as Tib or TiN will also

overlaid insulator. The use of Sp-SiO, or p-SiO is found to help. The power density in aluminum with resistivity p (Al)
affect the metal reliability greatly (compare Figs. I and 2). under the current density J is given by

Our experiments are made mainly by using Sp-SiO, or p-SiO as P.
= 

p (A1)*J.
overcoat. Usiig our standard p-SiN passivation results in After the aluminum opens leaving a MoSi, (or any other

much fewer failures. material with resistivity p (M)) bridge. the power density at
Timperature and cool ing rate of anneal after passivation the bridge is given by

are important factors affecting reliability. Especially, P= P(M)a[T(AI)/T(M)]wJa
very slow cooling from T?450tC makes many wedge-shaped voids and so the ratio is given by

like those reported for high stress p-SiN (4) and degrades R P/Pv [P (M)/P (Nl)3['l (hlI/T (MHZ.
metal reliability. Under normal annealing/cooling conditions,

higher the annealing temperature, normally larger the S.I.M. It is important to make R sill. Otherwise, the bridge is

fiilure rate. heated locally so as to melt noar-by aluminum to accelerate
the use of Sp-SiO, or p-SiO increases wedge-shaped voids degradation of the metal system [5].

along the metal side edge after a long period of storage 
t
est, RIFEHFENCFS:

and there is no doubt that the reliability is affected, with 1 ] N. Owada et al, Proc. VMIC, p. 173 (IS85).

stress apparently playing an essential role. From the (21 J. KIema et a., Proc. IRIS, p. 1 (1984).
i:omparison of the three materials, Sp-SiO_, p-SiA, and p-SiN, (3] S.J. O'Donnell et a., Proc. iRIS, p. 9 (1984).

however. no clear correlation is found between fai lure rate [4] S. Mayumi et al., Proc. IRIS, p. 15 (1987).
and film stress as monitored by wafer bend. Detailed study r] ,l.A. Maiz and R. Sabi, Proc. IRIS, p. 145 (1987).
,'t mir, scopii insulator properties seems to be needed.

Sleep steps in the substrate enhance stress and increase

Ii hires (Table I). However, the use of planarieation
ti-thniqes such is glass flow, BPSG and SOG effectively Table I Si content dependence of step enhanced S.I.M.
ridices step acclerated failures. failures in Al-Si (12517, 38411. p-SiN/l'Sli.)

C)UNTRMIASURI'S The cnductor life is improved by adding AI-Si line width 1
( Ippr 0) to Al-Si (ig. 2) [I, 4). Cu is already known to Si content 2.Rm - 3.Ogr 

1
3.4wm -

i,rnoe meta life against electro-migration. This suggests 0.7$ 0/80 0/80 067 . .1
that grain boundaries are a place to fail. The difference is 1.2 5/94-5.3% 0/l0 I 0/SO
that the "bamboo" struture may be good against electro 3.8L 4 _ /60.A1t.7% A O/.0- ...o

.. .. .. . ..
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A STUDY OF ELECTROMIGRATION PERFORMANCE Observation by SEM of tailed samples revealed long whiskers

IN A RANGE OF AL/SI/TI ALLOYS (figure 2) on samples with high TI content (including the
AI/0.2%(0.8%)T), but not on any other alloys (figure 3). Thus
there appears to be a connection between whisker growth and large

N P Armstrong resistance increases. In a follow-up test, samples were removed
Plessey Research Caswell Ltd at regular intervals. In the zero-Si alloys, having the best MTF

Caswell, Towcester, Northants, England performance in the matrix, whiskers were seen after only 5% of
the open circuit MTF - 12% of the resistance increase MTF.

R J Dulniak and *A Turnbull
GEC Hirst Research Centre, Wembley, England DISCUSSION

The tendency toward whisker growth associated with high Ti

INTRODUCTION content is unfortunate in view of the reported [3) increased
activation energy with Ti content greater than 0.6-0.8%. Towner

In the last four years, there has been interest [1,2,3] in the use [3 has observed that the required microstructural changes for
increased activation energy only occur in the ternary case - withof Al/SiTi alloys as an alternative to Al/SI and Al/CulSi alloys. 1% SI also. Unfortunately, the evidence in table 1 suggests 0.2%

However, this ha generally been from the stand-point of Si to be the critical level with regard to Si precipitation. Above
complications associated with addition of Cu. Fischer 1, this level, the number of precipitates increases very rapidly with

C2 Si content, and even the level seen with 0.2%Si could constitute a
compares AI/Si and AI/SVTI, showing 15x increase In Median yield hazard.
Time to Failure (MTF) for the latter under stress test. But this
remains far short of the A/Cu performance. Furthermore, the The clear tendency seen in table 1 for Al/Cu and AI/Cu/Si films to
alloys reported have all included about 1% Si as they have their produce a lower overall thermal hillock density but a larger
origin before the wide acceptance of barrier metallisation
schemes. This level of Si is no longer desirable as it leads to number of very large hillocks may give cause for concern.
precipitation incompatible with 1 m sized contacts. Can the Si Depending on dieiectric material and thickness, this may cause a
content be reduced or even omitted? Several observations have greater short circuit yield loss than any of the Ti-containing
been reported [3.4] implying Interactions between Ti and Si, alloys, particularly if a dielectric planarisation process is used.
which might suggest film instability if Si were omitted. The observed trends in electromigration data suggest the untested

AI/0.2%Ti as a possible compromise, having MTF approaching
(PERIMENT that of Al'Cu, but wihout early onset of whisker growth.

Towner's observations (3] suggest that the activation energy for
In the current work, an array of eight Al/Ti and AI/Si/Ti alloys AI/0.2%Ti would be as for pure A - about 0.55eV - implying
(4x2) were deposited by co-sputtering: Si 0, 0.2. 0.5, 1%; Ti significant disadvantage compared to AI/Cu (about 0.7eV) at
0.2, 1.0%. These were compared to Al/Cu and Al/Cu/Si from normal operating temperatures.
composite targets. All films were deposited on 0.5gm thermal
SiO2.

Before lifetesting, films were assessed for dry etchability, Si
precipitate formation and thermal hillock formation. Using an In summary, results show very early failure with high Ti content
AME 8131 batch etcher and BCi3/CI2 mixture, the etch rate of through growth of long whiskers, and progressive degradation of
AI/Si/Ti was lower than for AI/Cu/Si, but uniformity was performance with increasing Si content. The trends observed
improved, requiring less overetch. No post-etch corrosion was suggest that a true AI/0.2%Ti alloy might be the optimum
seen on any A/SI/Ti wafers, whereas both Cu-containing controls combination, with performance approaching that of AI/4%Cu.
showed corrosion on some wafers. Si precipitates were counted MTF is likely to be somewhat inferior to that of AI/4%Cu, but
using dark field illumination: table 1 shows data normalised per without etch difficulties or corrosion, as neither was encountered
25K vias. SEM examination of thermal hillocks after cycling on any of the Al/Ti alloys.
between room temperature and 450degC revealed evidence of a bi-
trodal distribution in hillock size, particularly for AI/4%Cu;
hillocks were either >4rum or <l0m wide (and generally as high). ACKNOWLEDGEMENTS

Table I shows density per bond pad (.02mm
2
) for both large and This work was partly funded by the EEC under ESPRIT project 14:

small hillocks. "Advanced Interconnect for VLSI". Thanks are due especially to A J
McGeown of Electrotech for deposition of Al/SifTi alloys, to N PIndependent lifetests were performed at two sites for Francis who performed lifetests at Caswell, and to W G Freeman. V

corroboration. Acceleration conditions were 200degC, J Phelan and A J Vale of GEC Hirst Research Centre who carried
2xl 0

6
A/cm

2
. The structure chosen for the lifetest was close to out analysis of films

that recommended by Schafft [4]. being 1mm long, without
corners, and 4pm wide. Voltage probe points were provided at
each end. REFERENCES

Failure times (Log-Normal model) are shown in tables 2 (site A) I. F.Fischer, Siemens Forshungs- und Entwicklungs Berichte, 13
and 3 (site B). The tables show open-circuit MTF and, where (1), pp21-27 (1984)
applicable, MTF for 20% increase In resistance (dR). The factor 2. F Fischer & F Neppl, Proc 22nd IEEE IRPS, pp190-192
of about 2 between the lifetimes at the two sites is explained in (1 984)
part by different processed linewidths and linewldth measurement 3. J M Towner, A G Dirks & T Tien, Proc 24th IEEE IRPS, ppt 90-
techniques. Most Ti-containing alloys have much shorter MTF 192 (1984)
than AI/Cu or Al/Cu/Si, Addition of Si progressively degrades 4. D S Gardner, T L Michalka, K C Saraswal. T W Barbee Jr, J P
MTF, giving Al/f%Si/0.2%Ti a MTF less than a tenth that of McVittie & J D Meindl, IEEE Trans ED-32. pp1

7
2-183

AI/4%Cu. The f%Ti alloys generally had longer open-circuit (1985)
MTF than the 0.2%Ti alloys, but al suffered large resistance 5. H.A.Schafft, IEEE Trans. ED-34. pp673-681 (1987)
increases (figure 1), resulting In times to 20% dR similar to
their 0.2%TI counterparts. The nominal AI/0.2%TI alloy
(omitted from sie B data) was later found to have approx. 0.8%Ti
- hence the 20% dR MTF In table 2. *present address: British Aerospace, Stevenage. England
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Si Ti %%Cu

0 1/760 1/920 91480

201
KE:0 20 48. 60 00 8

Sn t288 TIn.(Hs

108K 21K< *Si Precipitates
0.5 1 /1360 3/2120 Per50K vias 8.1.C...IS d*nt 4E

.Hillocks Ige/small

406K 256K< 360K 88' 9 C'-
1 511600 0/1520 6/6400.%i

Table 1: Si precipitates and thermal hillocks 387

28

Si Ti % CU % 8 2 g 8 9

% 02 1 4 3,n .0 t zeec T-n Ht

1162 76) 173 61 155 MTF
0 1.30 .581 .30 .32 .77 Sigma Figure 1: Track resistance during lifetest

25 89 28 MTF
.2 1 .46 1.23 .42 Sigma

48 49 19 MTF
.5 .92 .51 .32 Sigma,

10 29 24 118 MTF
.83 .50 .26 .60 Sigma

0/C 20%dR 0/C 20%dR 0/C

Table 2: MTF (hours) at site A. 2O2degC 2EBA/cm2
*0.8% Ti by analysis (see text)

Si Ti % Cu %
% 0.2 1 4 Figure 2: Whiskers on AI/1%Ti after litetest

512 183 364 MTF
0 .71 .13 .26 Sigma

86 276 54 MTF
.2 1 .61 .75 .13 1Sigma

65 101 34 MTF
.49 .60 .09 Sigma.4.
32 47 30 278 MTF
.39 .98 .48 .49 Sigma

0/C 20%dR 0/C 20%dR 0/C

Table 3: MTF (hours) at site B. 200degC 2E6A/cm2
Figure 3: Typical damage on 0.2%Ti alloys

(AIM %Si/0.2%/Ti)
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HUMIDITY-TEMPERATURE-VOLTAGE ACCELERATION

MODEL FOR CORROSION OF THIN FILM ALUMINUM

J. W Osenbach and J. L. Zell

AT&T Bell Laboratories
P.O. Box 13566

Reading, PA 19612-3566

We have studied how temperature-humidity- and voltage which depends on the surface conditions. The humidity
effect corrosion of thin film aluminum. This was done by acceleration factor A is 0.1±0.05(hr/%RH) and the
aging RTV-coated unpassivated aluminum triple-track test activation energy EA is 0.98±0.13 eV. Both A and E. are
structures at temperatures between 85'C and 150'C, at independent of voltage.
relative aumidities between 50% and 85%, and at electric
fields between two 2 x 103 V/cm to 2 x l0 V/cm Using We have developed a theory again based on
these results, we develop temperature-humidity-bias electrochemistry, which suggests that the activation energy

acceleration models which are based on sound chemical and (E.) and humidity acceleration factor (A) for devices which
physical principles. fail due to wearout is due to conduction of OH- and H-ions over the device surface between the anode and

We found that for the defect (contamination) controlled cathode. Therefore, corrosion which occurs due to wearout
failure population that an acceleration model of the form is controlled by the water absorption isotherm and the

time-to-failure a[RHIv exp (EAkT) surface mobility of the OH- and - ions of that system of
interest.

fit the data. For those humidity ranges where water was
able to absorb onto the device surface, 2.3.n. 3.2 and was
independent of voltage. For those humidity regions where
water could not absorb, the humidity exponent was much
larger n>6. For all humidity regions, the activation energy
E. was between 0.75 and 1.2 eV and was independent of
voltage. The voltage acceleration factor was not well
defined in this region of the failure population.

We have developed a theory based on electroc rsisty,
which suggests that the humidity exponent is cirectly
related to the type of contaminant on the surface which
leads to corrosion. For those positive ions such as Na* or
K'

, 
we calculate an exponent of 3. For the negative ions

such as Cl-, the humidity exponent is also 3. Based on
these results, we conclude that for those devices which are
packaged in "diry" materials, or which have contaminated
surfaces prior to encapsulation, the acceleration model
given by Peck should be used for data analysis. However,
for those devices packaged in "clean" materials the
acceleration model given below should be used.

The part of the population which failed due to wearout can
be modeled by an equation of the form

median-time-to-failure aexp 1(-VA(Ea)]

exp(-A - %RH) exp (-EA)

where -VA is the voltage acceleration factor which is a
function of encapsulant and surface passivation. It also
depends upon the voltage which is applied. This is because
the surface mobility reaches a maximum at some voltage
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Among the three different kinds of reflowed solder

pads, flux, hydrogen containing forming gas and ion

beam (Ref. 1), SAM surface studies showed that flux

Corrosion Products and Surface Structure of PbSn reflowed pads had the lowest and forming gas reflowed

Solder Pads pads had the highest amount of tin on the surface. It

confirms the report that flux removes tin preferentially,

Ref. 2. In all of the reflowed pads examined by SAM,

tin was present more on the top of the pads than on the

Helen L. Yeh* and Homi Dalal** side areas because of the single source deposition

method. The presence of more tin, i.e. less lead, on top

IBM areas of solder pads was consistent with the findings

that some of the corroded pads showed more corrosion
*Research Division, T. J. Watson Research Center, P. products on the side than on the top.

0. Box 218, Yorktown, N. Y., 10598prdcsothsiehaonheo.
The lack of enough tincompound to protect the surface

"*General Technology Division, East Fishkill, Route of flux reflowed C4 pad seemed to be the main reason

52, Hopewell Junction, N. Y., 12533-0999 that the flux reflowed pads were vulnerable to corro-

sion. When surface tin content was not high, lead

showed up on the surface and was corroded by two

Lead/Tin alloys have been used in microelectronics methods to form lead carbonate related compound.

industry for past 25 years. In this paper we study the One method was with the presence of chlorine ions

effect of tin content (from 0-10 wt%) on the corrosion which might play a role in accelerating the corrosion.

of high Pb alloy. We identify the corrosion products, The chlorine ions reacted with lead oxide to form lead,

their morphology, the formation methods and correlate oxygen, and chlorine related compounds and then

the corrosion with the bulk and surface tin content in transformed to more stable lead carbonate compound

solder balls, in the presence of water and CO 2. The detection of

Because corrosion resistance of solder pads is a surface mendipite and plumbonacrite confirmed this formation

relaue method. The other formation method only needed high
related topics, in order to understand the surface humidity and high temperature and no chlorine. The

structure of solder pads and important parameters presence of plumbonacrite but no lead oxide chloride

controlling the corrosion of solder pads, various solder on corroded pure lead blanket wafer after T/H tests

pads were studied by SAM (scanning Auger micro- proves this method.

scope) and the results were correlated with corrosion The hi tod
tests.The hih tin on the surface of hydrogen reflowed pads

tests.

We found disk-shaped and crust forms of corrosn protects the C4 pads from the attack of chlorine and

products on the C4 solder balls examined. Detailed humidity and generally have less corrosion problem.

X-ray diffraction patterns showed Mendipite
(2PbO.PbC12 ) and plumbonacrite

(6PbCOx,3Pb(OH) 2,PbO) were found on all of the
corroded chips besides Al, A12 Cu, and Pb.

We found plumbonacrite (6PbCO 3 .3Pb(OH) 2 .PbO) References

on the Temperature/Humidity (T/H ,75 0 C and 85%

humidity) corroded pure lead blanket wafers after ei- . Lo e an TcRnGree J. a. S. Teo
ther H2/flux or double H2 reflow. H. L. Yeh and K. R. Grebe, J. Vac. Sci. Technol.,

Vol. 20, No. 3, p. 359 (1982).

2. "A DSC Technique to Measure the Amount of

Indium or Tin Leached from Lead Based Solders

by Rosin Fluxes", S. Teed and V. C. Marcotte,

Proceedings of the Eleventh North American

Thermal Analysis Society Conference, New

Orleans, Louisiana, Vol. 11, Oct. 1981.
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A Practical Approach to HAST and We have found a satisfactory correlation between HAST

Correlation with 85/85 for at temperatures below 135 0C and 85/85. The failure
mechanism was found to be identical in both tests and the

Reliability Testing of Plastic data could well be fitted to the Arrhenius model with a

Encapsulated IC's for maximum likelihood estimation (Fig. 1).

Telecommunication Applications The observed acceleration factors and activation energies

correspond to previously published data. Activation
energies found are between 0.7 eV and 0.8 eV. This is

A. Hente K. Allaert P. De Pauw a value that is generally accepted for estimating
acceleration factors. Acceleration factors between 85/85
and HAST are in the range of 6 (115/85) and 23 (135/85).

Reliability and Qualification Department
The DUT's are 3 pm CMOS custom VLSI's with a double
passivation layer of silicon oxide and silicon nitride on top

Alcatel Bell Telephone N.V. in plastic DIL packages of 16, 24 and 28 pins. Some
Francis Wellesplein 1 components had a silicone die coat, others not. The test
B-2018 Antwerpen, Belgium where continued until more than 50 % failures occured.

The main failure mechanism was found to be corrosion
of the Al interconnections caused by imperfections such
as cracks and pinholes in the passivation layer (Photo 1,
2). These failures could also be observed on both the
samples, with and without die coating. They could

Plastic packages have become a common fact for therefore not be caused by the filler grains in the moulding
consumer applications and their reliability is since being compound, neither by thermally induced shear stresses
improved contineously [1]. However for many high at the interface between die and plastic (3, 4].
reliability applications, 25 years must be guaranteed
under tough climatological conditions [2]. Therefore We may conclude that, based on the great number of tests
3,000 hrs of THB test are needed for simulation. The THB being performed, HAST at 125°C/85 % RH is a high
85/85 test is commonly used as a standard stress test for reliable alternative to the more extended 85 0C/85 % RH
corrosion on plastic encapsulated semiconductor devices, tests for telecommunication devices.
This test however puts strong constraints on the on-line
quality control and it extends the design-to-market time
with several months. References

The answer to this problem may be HAST (Highly [1] L. Gallace and M. Rosenfield
Accelerated Stress Test) as it has a much higher *Reliability of Plastic Encapsulated Integrated
acceleration factor than the 85/85 test. Unfortunately up Circuits in Moisture Environments*, RCA Review,
to now the implementation of HAST is not well understood Vol. 45, 1984
and many problems have been reported about the
correlation between HAST and 85/85 [1]. Both suppliers [2] N. Sinnadurai
and customers are therefore rather sceptical with respect aThe Reliable Operation of Plastic Encapsulated
to HAST. Micro-electronics Components in Severe

Climatological Conditions*, 3rd Int. Conf.
Because of the urgent need to reduce turnaround times cQuality in Electronic Components., 1987
we put a lot of effort in experiments that should give us
a better understanding of HAST. Therefore both tests have [3] Swee Yang Khim, Ting Tziat Tze
been run simultaneously for several qualifications for more oFiller Induced Failures in Plastic Encapsulated
than one year. DRAMS*, IPFA proceedings, 1987

Tests in HAST have been done at 115, 125 and 135 0C, [4] S. Sazaki, K. Serizawa, A. Kaneda, K. Nishi,
all at a constant relative humidity of 85 %. Earlier tests S. Hashizume
on TTL standard devices showed us that at temperatures oThe Development of a High Reliable Heat-Proof
above 135 0 C different failure mechanisms cmn be Plastic IC Package*, Int. Conf. on Reliability and
initialised. Maintainability, proceedings, 1986
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135*C 12S'C 115%
60 - 5.

100

W.ib.41 M--n~d.I
,;6.18 E-7 0 3.68

Eo =0,104 *VPhoto 
1 Failure in 85/85 after 3,880 hrs of test

Cumulative number of functional failures Soample with die coating

Time 135/85 125/85 115/85 Time 85/85
(hrs) N=24 N=36 N=36 firs) N=40

140 1 1 0 500 0

280 12 3 0 1,000 0

420 24 8 0 2,000 1

560 - 21 6 3,000 10

700 - 32 10 3,880 11

840 - - 23 4,000 11

980 - 31

Fig. 1 Weibull plot ond table with
functional failures of 2.4 ,jm CMOS Photo 2 Failure in HAST after 280 hrs in 135/85
custom VLSI in 24 pin PDIL package Sample with die coating
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Hot Carr.tr Limited Operating Voltages for Submicron 100% duty cycle could be achieved without th need of a ligtly doped drain

non-LDD Shallow Junction MOSFET's process. A more realistic 3% duty cycle permits use of 4.6V

.K Cbaudhaai'. D.S Wen
2
. and C.M. D '

2  
In summary, device degradation in non-LDD. shallow junction, submicron

PK. MOSFET's due to avalanche hot carier has been studied. Device operating life

time, ', varies exponentially with drain bias and the effective channel length.
RMicrelectronics Center of North Carolina. P.O Box 2089. From this drain bias -lifetime relationship the maximum allowable operating drain

tetrarch Triangle Park, North Carohna 27709, voltage can be predicted.
2
Deparornen of Electrical Engineering, North Carolina State University, Acknowledgement - The authors wish to express their gratatode to Dr. Reisman for

Raleigh, North Carolina 27695-7911. his continued encouragement and the silicon processing personnel of the

icroelectronics Center of North Carolina Central tabs for wafer fabrication.
Introduction Portions of this work were supported by the Semiconductor Research Corporaaon,

Device degradation due to hot carrier simulated stress has been widely explained One of the authors, P.K. Chaudhari, participated under the IBM Academic Leave

as being due to trapping of the hot carriers in the gate dielectric and/or interface Program.
trap grneration. With the continuous scaling of VLSI devices, high-field-induced
degradation from channel or avalanche hot-electron injection, and its subsequent References
impact on the device parameters namely subthreshold slope change, threshold
voltage shift, and the degradation in transcouductance, become a major rehability 1. E. Takeda etal., IEEE Electron Devices, ED-30.652(1983)

concern in circuits employing these submicron MOSFET's. When a transistor is
subjected to such an operation for longer periods of time, these parameters can 2. D. Sharma eLal, Proc. Fst Inter. Symp. on ULSI, The Electrochem. Sec.,

change and exceed the limits of specification permanently. Terefore, to evaluate 87-11,49-63 (1987)
accurately the device reliability to realize submicron VLSI's, it is very important
to have some kind ofguidelues topredict thedevice operationallife time. 3. E. Takeda and N. Suzuki, IEEE Trans. Electron. De'v Lea. EDL-4, Ill

Avalanche hot carrier injection near the drain provides the greatest source of (1983).
cooem

1
. Accordingly the device degradation has a strong correlation with the

impact-ionization-induced substrate curent, i.e. the gate bias condition which 4. C. Hu etal. IEEE Electron Devices, ED-32, 375 (1985).
causes the most svere degradation as shown in Fig. 1.

in this study, using accelerated stress-aging wrder such worst case biasing
conditions, device degradation is modelled to predict the device life time as a
function of its operating parameters like drain bias, channel length and gate bias
for the non-LD, 0. t"n shallow junction NMOSFET process studied here.

1000- toss
Experimental results and discussionm- T hrehd Shill

Discrete NMOSFET's with effective channel lengths from 0.65 to 1.65tm and a
width of 201an used here were fabricated using a retrograde n-well CMOS
technology with shallow junctions formed by Ge-preamorphiration followed by
As* mplantation and two step annealing: 30 min @ 550'C in Argon followed by
10500C, 10 seconds rapid thermal annealing (RTA) t

2
. ate oxide thickness, <

substrate doping, and junction depth were 22.5 run, lxlO16 cm
-3, 

and 180 nm - ,

reapectively. Accelerated stress-aging was carried out for various drain and gate 9

biases with V.b = 0 at room temperature. The device characteristics before and <1

after stres wear measured in Ihe reverse mode, i.e. with source and drai n -o

interchanged. The threshold voltage was defined such that at V. = 0. IV,

1.= 1.0x(WitLre) P. The transconductance G. , 
is the maximum in slope of I,

-

Vi curve at V = 0.IV.

1ig.2 summarizes typical VT shift versus aging time, as a function of stress bias
for a device with Lef = 0.65in. A positive threshold voltage shift, as seen in 0 2 4 t u it to 14
ig.2, was observed in all cases of V

O 
< VD. The threshold voltage shift, AV r,  

v. (V)
increases with rime as

AVT = At"

where n = 0.651
' )

. The pre-exponential factor, A, is an exponential function of Figure 1 Threshold voltage shift and substrate current as a

I]V(3). Since the substrate current is an expotential function also of I/V and finction of gate voltage of a 0.65itnt device. Devices

I/Lea the life time of the submicron devices, defined by a specified threshold were stressed for 10 minutes at VD=7.OV.

voltage shift, depends exponentially on drain bias and channel length as shown in
Figs. 3 and 4 respectively. Therefore, using the data of Fig.3, the maximum
allowable operating voltage for defined life time can be predicted. The device
lfetitme T can be expressed as r ; exp (b/VD-L/Leff) where b and L. are
constants. Using the slopes of figs. 3 and 4, values for b and L. were determined
to be 1dV and 4.7pt respectively.

As can be seen from Figs. I and 3, the most rapid degradation occurs when V 0 -

1hVD . For the low temperature technology used here, 100,000 hour lifetime at
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Abstract No. 316 conventional hot electron stress. At
Anomalous Hot Electron Effects this voltage the maximum Isub takes
Induced By PBCVD Passivation place. Device degradation occurred

Processes mostly in Gi. Vt shift was
negligible. This was particularly so

Sang U. Kim and Fahd Hinedi with PECVD passivation.

INTEL CORP. For unpassivated units the maximum Gm
5000 W. Chandler Blvd. degradation occurred with a maximum

Chandler, AZ 85226 Isub, Vg = 3.2V as expected. No
degradation was observed with Vg =
1.5V for a 1,500 minutes stress.
These results are consistent with the
conventional hot electron stress

PECVD (Plasma Enhanced Chemical data. That is, the maximum
Vapor Deposition) Silicon Nitride degradation occurs approximately at
and Oxynitride are widely used in Vg = 1/2 Vd or Vg = 3.2V with Vd = 7V
today's VLSI as the passivation in this case.
layer. Therefore, impact of such
films on device instability, For passivated units an entirely new
particularly hot electron effects phenomena was observed. The maximum
must be clearly understood. It has degradation no longer occurred at a
been generally believed in the IC m a x i m u m I s u b. Instead, a
world until most recently that the significantly higher Gm degradation
passivation process including PECVD was observed at Vg = 1.5V.
has no impact on hot electron Experimenting with different gate
performance. However, this view is voltages, Vg = 1.5V was found to be a
changing. Recently, the problems voltage at which a maximum Gm
related to hot electron instability degradation occurred, and from this,
induced by PECVD passivation a universal relationship for a
processes appears increasingly in maximum degradation condition was
literatures. New degradation derived:
mechanisms have been reported,
involving hole injection and Vg = 1/2 Vg (at Isub maximum) .... (1)
interface state generation through
a still unknown electro- chemical For example, if the maximum Isub
reaction with hydrogen present in occurs at Vg = 4V in an Isub versus
the plasma nitride caps C1J. The Vg curve with Vd as a parameter, Vg 

=

convent ional hot electron 1/2(4V) = 2V at which a maximum Gm
methodology no longer can be degradation will occur. The new
applied in this case. It must be relationship can be applicable to
revised to include the new both PECVD nitride and oxynitride
degradation mechanisms. This study passivation. It was also observed
was undertaken to develop a better t h a t t h e relationship (1)
understanding of t h e new corresponded to a condition most
degradation mechanisms associated favorable to net hole injection.
with PECVD passivation processes This new Vg dependence criteria must
and to establish a new hot electron be used in order to obtain a maximum
stress methodology by which hot Gm degradation w i t h PECVD
electron lifetime can be predicted. passivation.

In order to determine the impact of We also observed a strong impact of
PECVD passivation processes on hot PECVD passivation processes on Gm
electron effects, devices with and degradation, an enhanced degradation
without passivation were used. For compared with no passivation. These
passivated devices, the PECVD results suggest a new degradation
silicon nitride and oxynitride mechanism associated with the PECVD
passivations used most widely today passivation process. The new
were chosen. Also, devices with degradation mechanism must account
and without Ldd structor-s were for enhanced Gm degradation, hole
used to determine the impact of injection, the presence of hydrogen
such structures. Several gate and their interaction which were
voltages were used in stress to observed in this study. The PECVD
determine a maximum hot electron nitride or oxynitride films are known
degradation condition at a given to have excess hydrogens which may
drain voltage Vd. Threshold Vt, diffuse toward the SiO 2 - Si
transconductance Gm, drain interface during the PECVD
saturation current Idsat and impact passivation process, and may
ionization current Isub were participate in generating interface
measured before and after each states. Based on those results, a
stress. phenomological model for Gim

degradation was developed, and will
Two gate voltages were used to be presented along with other
determine a Vg dependence on hot experimental findings.
electron degradation: Vg - 3.2V at
which a maximum Isub occurs, and Vg References:
- I.5V, a maximum hole injection
condition. Vd = 7V was used for [1' R.B. Fair and R.C. Sun,
all cases. Vg - 3.2V is a IEEE Trans. Electron Devices
condition commonly used in the Vol. ED-28, P83, 1981.
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Characteristics of AI-TiSi 2 contacts to n
+ 

and p+ silicon loss of surface dopant charge [20,21]. TiSi 2 with
varying thicknesses and sheet resistances were formed
by rf sputtering 600 A-1400 A Ti and siliciding

K. Shenai, P. A. Piacente, S. Al.Marayati, and B. J. Baliga using a two-step RTA anneal in nitrogen in the tem-
perature range of 550*C-850C. Contacts to TISi 2 were

General Electric Company formed by rf sputtering I micron Al at room tempera-

Corporate Research and Development Center ture. Some samples were in situ sputter etched prior

Schenectady, New York 12301 to Al deposition without breaking the vacuum to clean
the TiSi 2 surface.

1. Introduction Table 1 lists the measured interfacial Kelvin
resistance RK between Al and TiSi for as-deposited.

Refractory metals and their alloys are known to and samples successively sintered ai 400*C for 60 min.

provide highly conductive films when deposited on sil- in H 2. The first row for sintered data corresponds to

icon or polysilicon [1,2]. Among all the available wafers not pre-tested (RK not measured) whereas the

silicides on silicon or polysilicon, TiSi2 offers the second row corresponds io those that were character-

lowest sheet resistance, RS [31. In many applica- ized for Rv1. Pre-testing prior to Al sintering and Al

tions, the silicide must be able to withstand post sintering Had profound effects on the interfacial Kel-

processing temperatures in excess of 800°C [4,5]. At vin resistances due to Al-TiSi interfacial oxide rup-

these processing temperatures, film uniformity, turing and Al spiking. RTA silicide yielded lower

stress, adhesion, oxidation, and subsequent etching interfacial resistance compared to furnace annealed

all become extremely important. The silicide must also (FA) silicide due to lower silicide sheet resistance

be able to preserve the integrity of the gate oxide and smoother silicide surface. Table 2 lists the con-

when deposited on polysilicon in MOS gated devices tact resistances of sintered AI-TiSi -nSi on As and P

(6]. It has been shown that between conventional fur- doped silicon without any sputter etching of the TiSi2
nace annealed (FA) and rapid thermally annealed (RTA) surface. It can be seen that ETA silicide consistently

TiSi RTA silicide has better film uniformity, lower yielded lower Kelvin resistance compared to FA sili-

sheeV resistance, smoother film surface, and causes cide and P diffused junctions had lower R. than As

minimal perturbation in doping profiles [7-9]. diffused junctions due to enhanced current crowding in
shallower junctions (20]. Extensive contact resis-

Conventional high voltage discrete and integrated tance measurements of sputter etched samples coupled

devices are fabricated with heavily doped polysilicon with detailed material analyses using SIMS, EBS,

as the gate material which also serves as a self- Auger, and TEM will be reported at the conference,

aligned mask for subsequent dopant diffusions (10,11].
Phosphorous diffusion in polysilicon and its contam-
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Table 1. Kelvin resistances (RK) of 1.8 micron diameter circula r

contacts of Al on TiSi 2.

SILICIDE SPUTTER RKI (as-dep) RE2 (400"C, 60') RK3 (400C. 120')

TYPE ETCH (01 (f) (I)

FA No 206 ± 28 158 ± 42 18 0 23

93 ± 89 4 + 9

FA YES 19 ± 2.8 20 ± 4 0.22 ± 0 lo

0.26 ± 0.12 0.16 ± u) 00

RTA NO 230 ± 53 214 ± 25

113 ± 61

RTA YES 11.3 ± 1.8

0,15 ± 0.08

Table 2. Contact data at 300K for 5 micron dry etched square contacts.

SILICIDE x RSH R K

DOPANT TYPE (Am) (0/I) (1)

P FA 0.9 12.5 10.0

P RTA 0.9 12.5 7 5

As FA 0.28 41.2 17

As RTA 0.28 41.2 13

4f,2
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TIME-DEPENDENT DEGRADATION 1. T.H. Ning, P.W. Cook, R.H. Dennard, C.M.
IN MOS DEVICES Osburn, S.E. Schuster, and H.N. Yu, IEEE

Trans. ED-26, pp. 346-353, 1979.
2. E. Takeda, H. Kume, T. Toyabe, and S.

C.Y. Yang, C.M. Wang, G. Lin, and J.J Tzou Asai, IEEE Trans. ED-29, pp. 611-618,
1982.

Microelectronics Laboratory 3. C. Hu, S.C. Tam, F.C. Hsu, P.K. Ko, T.Y.
Santa Clara University Chen, and K.W. Terill, IEEE Trans. ED-32,

Santa Clara, California 95053 pp. 375-385, 1985.

4. C. Yao, J. Tzou, R. Cheung, H. Chan, ano
C.Y. Yang, Proc. IRPS, pp. 195-200, 1987.

Unidirectional and bidirectional channel 5. T. Horiuchi, H. Mikoshiba, K. Nakamura,
stress measurements are performed to examine and M. Hamano, IEEE EDL-7, pp. 337-339,
hot-carrier-induced degradation in NMOSFET. 1986.
Unidirectional channel stress (UCS) refers to 6. J.Y. Choi, P.K. Ko, and C. Hu, Tech. Dig.
both stress and current-voltage measurements Sy. on VLSI Tech., pp. 45-46, 1987.
being in the usual "forward" direction (1-4). 7. K.M. Cham, H.S. Fu, and Y. Nishi, Proc.
"Reverse" stress and I-V measurements are IRPS, pp. 30-33, 1988.
made with source and drain interchanged. The
term bidirectional channel stress (BCS) is
used to indicate measurements of
forward/reverse I-V characteristics under W/L 4um/O u'M
both stress conditions. DC STRESS

Results of fractional transconductance CONSTANT Vd - 7V
shifts due to from UCS DC stress are shown CONSTANT Vg o
n Figure 1.* The gate oxide thickness

used is 200A. Lightly-doped-drain (LDD) o' Vg 3V
structure is emplyed in each UCS device.
Maximum substrate current occurs near the 0 o 'o

stress condition Vds=7V, Vs=3W. This E
condition corresponds o maximu degradation .2 f . Vg
as shown in Figure 1. AC stress is conducted E 0 5V
by applying a 50% duty-ratio pulse train to 0
the gate at several frequencies. The drain o
voltage is fixed at 7V, but the gate pulse
height is allowed to vary. Comparison of a Vg 7V

transconductance shifts due to AC stress for
different gate pulse heights is shown in
Figure 2. Degradation increases with gate
pulse height, which seems contrary to the
results for DC stress shown in Figure 1. 10-
Dependence on pulse frequency is shown in 10 10 10 10 10'
Figure 3 for pulse height equal to 5V.

Comparison of DC and AC stresses with TIME (sec)
the maximum substrate current (Vds=

7
V,

S=3 V) is shown in Figure 4. Under this Fe F Fractiosal trs-ndc-t.-fce

cndition, the DC stress registers about -r4uct:cin 13-V = r.5<

twice as much degradation as AC. This is oc stess at ar~us -te

consistent with the quasi-static model for

device lifetime: tac=tdc (peak Isub)/duty-
ratio (5). Under a different stress 

1 0
W/L - 11m

condition IVds=7V, Vs=7V), shown in Figure
I" the degradation du to AC stress is about ICONSTANI V 7 V

an order of magnitude larger than DC. I PULSED GAE BIAS
Further, this degradation, which corresponds DUTY-RATIO 50%
to less than the maxim'im s,bstrate current, 5 MHz
is even more severe than that caused by DC so 0

stress at V =7V, V 83V, which yields 0

maximum substrta cu'rant. Thus for AC A
stress generating less than maximum substrate E -J
current during the duty-cycle, the lilatime- -0o B
I . relation proposed for DC stress (3) no S 0

1
8
Hler applies . This result is consistent 00

with recent findings (6-7).
Typical BCS data obtained for NMOS

devices are shown in Figure 6. The device is GATE PULSE HEIGHT
stressed with V =3V and V ds=

7 
.5V. The A. 5V

results show tRgt whenever the stress
direction is opposite to that of the 3V

measurement, the degradation rate is -3
significantly larger. A simple 101 2

electrostatics model based on trapped 10 10 10 10 10
carriers near both source and drain is
proposed to elucidate the effect of BCS on TIME (sec)
the channel electric field and the difference
in hot-carrier-induced degradation rates. Fi-'- 2 Fractiona! tra soot .0so

This model is also used to explain the UCSresults for AC stress.
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10 2 03 6 4 10 Forward measurement data are indicated

10 1 1 1 by solid circles, reverse by open circles.
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RELIABILITY ISSUES FOR ULTRA-THIN INSULATORS thermally-assisted tunneling through a reduced barrier of about
I eV.

Than N. Nguyen The prediction of thin insulator reliability is often oh-
IBM Research Division, Thomas J. Watson Research Center tained by extrapolating time-to-failure data from high-field

P.O. Box 218, Yorktown Heights, New York 10598 stress tests to device operating fields. This approach implicitly
assumes that mechanisms/physics at high fields also operate at

P. Olivo and B. Ricco' low fields and no additional failure mechanisms exist at Ioss
fields. Recent experimental data [8] indicate that these as-

DEIS, Universitao di2 Bologna sumptions may not be valid. The spread in the time-to-failure
Viale Risorgimento 2, 40136 Bologna, Italy distributions depends on the stress field. Under high fields, the

distributions are very tight and similar to intrinsic breakdown
of uniform oxides. Under lower fields, the distributions for the
same oxide broaden due to an increasing domination of pre-

Long-term reliability of thin dielectric films has been an mature failures. The result suggests that either dMfects require
important issue for MOS VLSI technology and has received some amount of time to develop and evolve to a destructise
considerable attention 11-5]. In future ULSI circuits where the stage or different breakdown mechanisms take place at lower
insulator thickness is expected to reduce to 50 - 100 A, the is- fields. The high-field accelerated tests appear to be incapable
sue will become even more critical. For these ultra-thin films, of revealing localized defects causing premature oxide break-
measurement and characterizatin can be a challenge because down and therefore tend to produce optimistic projection of
simple models used for thick films may become invalid 161 and reliability at low operating fields.
the films may exhibit very different behavior [71. This paper
addresses two issues related to reliability testing and projection The authors are very grateful to Drs. G.W. Rubloff and
of ultra-thin SIO 2 : failure detection and field accelerated test- N.O. Lipari for their support of this work.
ing.
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GATE OXIDE LEAKAGE RELIABILITY FAILURES for the capacitors on n-well (fig. 2b). The ca-
IN 00S CIRCUITS pacitors on p-substrate show less low field

breakdowns (3 %). The primary caue for the ap-
J. Vandenbroeck*, P. De Pauw, pearance of the low field breakdowns on these
M. Van den Reeck, L. Stevens structures is charge build up of the poly lines

during implantation of source anD drain. This
Alcatel-Bll Telephone problem has been resorted before (ref. 2), but
Francis Wellesplein I usually neutralization of the charge with an

B-2018 Antwerpen electron shower during ion implantation strongly
Belgium reduces the problem (ref. 3). Using test capaci-

tors having varying lengths of poly lines "driv-
ing" the top plate over gate oxide, it is shown

Introduction that, even under optimal beam neutralization, the

capacitors with a long poly interconnect are
Digital signal processing chips used in tele- still sensitive to this problem and show leakage

communications environment have ver4  stringent currents of several nA at 5 V. This is shown in
reliability requirements. Althot,;h several re- table 2 which shows the relative amount of low
liability concerns may be present on such cir- field breakdowns for capacitors with different
cuits processed using 0OS technologies, control poly lengths on field oxides. A pragmatic ap-
of gate oxide leakage remains a major problem. proach to solve the problem lies in the reduction
Usually gate oxide quality is monitored by per- of the poly interconnect length (through bypass-
forming breakdown measurements on sirple test ca- ing with metal 1; at the expense of area on
paciors. During this study we found that, al- chip). A maximum value of 1 m is used now. The
though gate oxide quality is excellent on simple reason why the leakage is always found on the n
capacitor structures, still failures due to gate well capacitors (i.e. the pMOS transistor) can be
oxide leakage occur in large circuits. explained by the mask structure used. The p+ im-

plant mask only allows the B to penetrate In the
Experimental p-active regions, whereas the n+ As is implanted

in the "non-p+-regions. Therefore the total a-
Lifetest conditions & failure percentage mount of charge on top of both poly lines is al-

Our DSP-circuit (ref 1) was initially processed most the same. The only difference between the
using 3 um CMOS double poly,single metal technol- nMOS and plOS transistors can be found in a para-
ogy. Because of circuit packing density require- sitic doping of the gate oxide during S/D im-
ments (lower cost) some poly lines were used for plant. As is known to be an effective electron
large interconnections. The circuit uses a power trap as compared to Boron. In (4) it is shown
supply voltage of 10 V and is operating at 4 MHz. that gate oxides having a large amount of elec-
An overview of the most important process par- tron traps show less low field breakdowns because
ameters is shown in table 1. The IC's were of the neutralization of the injected charge by
tested during 3000 hour at normal operating volt- the presence of local fields due to the already
age and at 125 C. In a second test a total a- trapped electrons.
mount of 120.000 devices were tested during sev-
eral periods of 1 week. Failure percentage was Conclusions
0.15 

C

A new reliability problem was observed in 0IOS
Failure analysis circuits having long poly lines driving pMOS

transistors. The problem is correlated with the
Two important types of failures were observed charging of the poly during ion implantation of

after lifetest and field test of the DSP-circuits. the source/drain. Longer poly lines are more
A first problem occurred at the end of a long susceptible than shorter ones, due to more accu-

poly line of several mm driving an invertor. Due mulated charge, leading either to premature
to leakage observed in the pMOS (30 uA at 4.5 V) breakdown of the gate oxides, either to damage
the resistive voltage drop across the poly lines that will induce increased leakage at elevated
becomes excessively large, resulting in the temperature, and will pose a TDDB problem. Tech-
inability of turning on the nMOS transistor nology solutions consist in optimization of the
(Vt - 1 V). A second problem was found in a de- procedure for neutralization of the charge. De-
bouncer operating at 8 KHz. This circuit part is sign solutions consist in imposing a design rule
merely a switch consisting of an nMOS and a pMOS for the maximum length of the poly interconnect.
transistor driven in parallel. The information
was found to leak away and the problem became
worse at lower frequencies. Again the pMOS tran-
sistor was found to show leakage between S/D and
gate. At room temperature the leakage current References
was 50 nA at 5 V.
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P-sub doping concentration 2El5Icm3

n-well doping concentration lEl6/cm3 112aa'0W

gate oxide thickness :40 nm

field oxide thickness :I urn

poly Si thickness :600 nni

p+ 5/0 I/I dose 4E15/cns2; 50 KeV, B -

nt 5/0 Ill dose 5Ef5/cn2; 140 KeY, As

poly Si doping zPOCL3 0 1234587891

Table 1 Most important processing parameters of
the 3 urn n-well double poly, single
mnetal 040S process. 10

n-w

Fig 2ae-b: breakdown hStsogremnS Obtained On the structures of figs Ila -b
Breakdwn detecton current was set as I uA.
For structure b the dimensions Of the posy gate on field
oxide were Us2000 um2.

POLY GATE DIMENSIONS % LOW FIELD BREAKDOWNS

ONf FIELD OXIDE N-NELL P-SUB

3sx 200 um2 0.5 0.4

3s 500uns2 1.5 1.2

3 x 1000 uns2 4.0 2.0

3 x20DO um2 B.0 3.0

to a -b: tg tpeued forfl"ue.iOf the badow 3 x 3000 uns2 12.0 5.0
strengtf Of Use gae oxiet.

The teet strucoture of figle b merely a recenuler
polllon gate etucture of15 x3 um. Table 2 : % low field breakdowns as a function of

Th~efat pe W Orf N1a0 wIt ftlhe mern* flgwl&r the poly length on field oxide, both
poly geowgte oxde in eres wthlogerpetl- for capacitors on n-well and p-sub.
emacture. The dhtesoeofi the posy over field oxide
ranged flr 3s200 um2 to 3xSOoOumr2.
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Abstract No. 322

Reliability Study of PECVD Silicon Nitride

For Composite Insulation

D. Nguyen, H. Rathore, R. Edwards, G. Gati,

V. DePalma

IBM General Technology Division East Fishkill

Rte. 52 Hopewell Junction, New York 12533

Interlevel short (ILS) is one of the major

time-dependent failure mechanims in multilevel

interconnection structure. The ILS problem become

more critical as the circuitry get more caplex and

more than two levels of metal and used in

fabrication of VLSI product. Gati and al.

(1) repc-ted that the use of composite insulator

(sputtered Si02/PECVD Silicon Nitride) resulted in

significant IIS improvement and yield enhancement.

In this work, defects (holes) were formed in

the sputtered Si02 by the use of special mask and

processing. A thin film of PECVD nitride was

deposited over the sputtered Si02. Therefore, the

insulator at the defect site is only a thin layer

of PECVD nitride for the time-dependent failures

and to project field reliability. Two tests were

used in this study: one is a voltage ramp and the

other is a constant voltage life test. The voltage

ramp tests were conducted at three different ramp

rates, each at two temperatures. The life test was

done at three voltages and two tesperatures. The

data were used to derive electric field acceleration

factor and the temperature dependence of the life

tim of the PPCVD nitride in this configuration.

(1) G.S. Gati, Application of Surface Science 22/23

(1985) 997-1003 North-Holland, Amsterdam
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Abstract No. 33t

Reliability Of 10 ONOtC stacked insulator indicate thatanmarecnims
described in 13/ can also occur in ONO

K. v. Sichart, L. Do Thanh, Th. Kleinert, 
structures. The electric field accelera-

Reisngertion factor is extracted to be about

S. R~hl and Hi14. ige 0.55. Extrapolation to 2.5 MV/cm which is
Siemens AG, Microelectronics typically the field across the stroage

Technology Center tlf

Otto-Hahn-Ring 6, D 8000 Monchen 83, 
dielectric of 4M DRMS yields ~lf
time of about 150 years at 150 C. The

Germanyslope of the Weibull plots remains

unchanged by stressing the ONOisamples

Introduction 
at difftrent temptratures ranging

from 3 50 CGc dnef

The quality of the dielectric in storage 
In fig. 3 the gate area dependneo

capacitors plays an important role in the TDDB characteristies is illustrated.

the reliability of dynamic RAM's. The The decrease in the time to breakdown

deveopmet o newDRA genratons ithwith increasing gate area can not be well
development of new DRA M generations with byt inr an rando diribuion ofew

capacity beyond 4 Mbits requires thin described by a random distribution of

insulators with thicknesses of about 
defects as found for SID films /4/. The

i0 nma or thinner even in three dimen- insert in fig. I shows tie ropologicsj

sional structures, e.g. the widely used inhomogeneity of the results for 4 m

stacked and trench capacitors. It is struture s an example. This inhomo-

known that the use fo very thin thermally geneity is due to deviations in film

grown S102 films in such structures leads t Th sin othe aress

to many problems in the reliability /I/. proportional o log (time), a cross

Recently oxide-nitride-oxide (ONO) 
marks capacitors with time to break-

stacked films are used as a possible down over 10 sec.

alternative to Si0 /2/ However, to our The density of injected charge leading

knowledge, informaions about the long 
to breakdown is widely used as the

term stability of very thin ONO films are 
crucial parameter for intrinsic break-

hardly found in the literature, down /4/. Usually Qbd is calculated

In this paper, we present a study on the from the time to b~eakdown by constant

reliability of very thin (dlO nm) current injection. In our study Qbd was

stacked insulators using different charac- evaluated from both constant voltage and

terization techniques. constant current stres experiments. For

ONO samples, no substantial difference
Experimental was found in Qb, values extracted from

the two stressing techiques., owever we
Planar MIS capacitors with poly-Si gate found th3t higher Qbd values found by

and p-Si substrate were used as test constant current stress does not

samples in our study. The gate insulator necessarily indicate a longer life time

is an oxide-nitride-oxide triple layer as extracted from constant voltage

with 10 m effective thickness. The bottom stressing. Fig. 4 compares the b values
and top oxide layers were grown by thermal of OR, ONO and Si0 films obtained by

oxidation of the Si substrate and the constant current stressing. Although the

nitride respectively. For comparison some SiO2 film shows larter Qbd values,

samples with nitride-bottom oxide (ON) acceleration test yields a much shorter

double insulator of 7.8 nm effective life time than that of ONO film (fig. 2).

thickness or 10.8 nm thermally grown SiO5  While there is only a small difference

were also prepared. The defect density o? in the Qbd values ot ONO and ON films

the films was evaluated from time zero (about factor 2-3), the time to break-

dielectric breakdown measurements. Both down by stressing with the same field

constant voltage and constant current strength is many orders of magnitude
stress at different temperatures were larger for ONO structure. ince in each

.sed to study the long term reliability device operation cycle, the storage
of the films. The density of injected capacitor is stressed by a constant

charge to breakdown Qbd was evaluated voltage rather than by a constant current,

from both constant current and constant the constant voltage stress appears to be

voltage stress experiments. more suitable to predict the long term

reliability of the films.

Summa rvResults and isussion
lowsdefecg density 00.1 andThe reliability of ONO and ON stacked

Very low defect density (-0.i cm and insulating films with thicknesses of 10 nm

high breakdown field strength (E8  and below was investigated using constant

12MV/cm) were found for ONO and also for voltage and constant current stress
ON stacked films, experiments. Although the density of

Fig. 1 shows the time dependent dielec- injected charge to breakdo f ONO films

tric breakdown (TDDB) characteristics of is much lower compared to SOf2 , the time

10 n ONO film obtained y constant dependent dielectric breakdown investi-

voltage stressing at 150 C and different gation showed that ONO stacked films are

field strengths. The shape of the Weibull more reliable than SiO 2 when used as

plots indicates that the intrinsic break- dielectrics in storage capacitors of

down is the dominating mechanism which future DRAM's,

controls the reliability of the investi-
gated ONO films. the mean time to break- Referencest
down of ONO films is larger than that of

10.8 nm Si0 2 layers. Similar results 
are /l/ D.A. Baglee, J. Vac. Sci.Technol. A,

also obtained for 7.8 nm ON double layer K, 0 (1986)

dielectrics, however the mean time to /2/ T. Watanabe et. al., Proc. of Intern.

breakdown of ON films is about three 
Rel. Phys. SyMp. 1987, p. 50

orders of magnitude shorter. In some 131 Z.C. Chen et, al., JEEE J. of Sol. St.

samples the Weibull plot deviates clearly Circuits, SC-20, 333 (1985)

from a straight line. We found that this /4/ D.6. Wolters etal., .. Vac. Sci.

deviation correlates with the film thick- Technol. A, J, 1563 (1987)

mess inhomogeneity of the wafer.
Fig. 2 shows acceleration plots of time
to reach 20% and 63% failures. These log

t vs. I/E plots fit well to a model
proposed in /3/ to explain the breakdown
properties of thin S02 films. This may
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Abstract No. 324

DETERMINATION OF FRACTAL (HAUSDORFF) DIMENSION tion in a three demensional system Df-
2
.43. In this

DURING THE ELECTRODEPOSITION OF ZINC region, the microstructure of the aggregates has been

considered as the DLA-type. Figure 5 shows the de-
Chao-Peng Chen and Jacob Jorn4 pendence of the fractal dimension on the applied

Department of Chemical Engineering potential. The fractal dimension increases with the
University of Rochester applied voltage, as the morphology of the deposition

Rochester, NY 14627 changes from the highly branched random aggregate to
the radial dense structure. Similar behavior was

A simple method is proposed to measure the frac- obtained under galvanostatic operation in which
tal (Hausdorff) dimension of the electrodeposition of various constant currents, rather than potentials,
zinc by current integration. Under our experimental were applied between the growing aggregates and the
conditions (C-O.Ol M ZnSO and V-2-12 volt or ring anode. Figure 6 shows that the fractal dimension4
1-0.1-1.0 mA), scale invariance is observed. The incrases with the applied current. This trend, which
fractal dimension of the two dimensional zinc deposit is very simila5 to previous results obtained by com-
increases with the applied potential, or the applied puter simulation , indicates that electrical migration
current, while the microstructure changes from the of the ions, in addition to diffusion, plays an impor-
highly branched random aggregate to the radial dense tant role in the transport of zinc ions. From the
structure. These phenomena seem to suggest that ionic microscopic observations we also found that under
migration, in addition to diffusion, plays an impor- higher voltage, the growth of the dep s~trie Was,was
tent role in the morphology of the deposition, radially oriented, as previous ly r epor ted. In

electrolytic solutions, the diffusion length, X -
Electrodeposition of zinc has been demonstrated 2-Dt, is very small, on the order of 0.1 cm, thus if

as one of the real physical systems which exhibits a the process is diffusion-limited than the deposition
structure similar to the teretical diffusion-limited should be limited to the electrolyte in the immediate
aggregation (DLA) model.' The fractal (Hausdorff) surrounding of the aggregate. However, according to
dimension of this system is usually determined by our analysis, the mass deposited is much larger than
digitizing photographs and taking the best-fit slope the original mass of the zirc ions within the
of Ln(N(r)l vs. Ln(r), where N( 5 is the number of aggregate. Consequently, the electrical migration of
pixels contained within a radius r. In the present the ions dominates the process, and the dimension of
communication we present a simpler method which may be the aggregates is larger than that of the DLA, espe-
used to determine the fractal dimension in a more cially under higher applied potentials.
direct way.

Financial support, provided by the National
Our electrodeposition cell consisted of a zinc Science Foundation under Grant No. CBT-8518479, is

ring anode with a diameter of 8.4 cm which was set gratefully appreciated.
into a petri dish. Aqueous 0.01 M ZnSO4 solution was
confined in a uniform 0.2 mm film coveredi. T.A Witten and L.. Sander, Phys. Rev Let 47
glass. Thin 0.5 mm diameter copper wire, or graphite 1400 (1981), and Phys. Rev. B29, 5686 (1983).

2. P. Meakin, Phys. Rev. A27, 604, 1495 (1983).core, was centrally located as the cathode. It is to 2 M_ Makui, M. A27, Y. 1495 (1983H.
be noted that a copper ring is not suitable as the 3 N. Matsushita, N. Sano, Y. Hayakawa. H Hopic.
anode because co-deposition of copper and zinc was and Y. Sawada, Phys. Rev. Lett. 53, 286 (1984).
observed. A constant, potential, ranging from 2 to 12 4 Yasuji-Sawada, A. Dougherty, and J.P. Gollub,
volt, was applied between the anode and the cathode by Phys. Rev. Lett. 56, 1260 (1986).

using a power supply with a voltage regulator, 5 D. Grier, E. Ben-Jacob. Roy Clarke, and L.M.
designed to compensate the ohmic drop of the shunt. 6. R.. Brady and R.C. Ball, Nature, 309, 225
The precision of the current measurement was 0.01 mA. 6. 8.

In some experiments, cntncurts raggfom(1984).constant currents, ranging from 7. D. Bensimon, E. Domany and Aharony, Phys. Rev.
0.1 to 1.0 mA, were applied, while changes in poten- Let. 51, 1394 (1983).
tial were recorded. Lt.5,19 18)

8. E. Ben-Jacob, G. Buetcher, P. Garik, Nigel D.
The Hausdorff dimension is given by the equation: Goldenfeld and Y. Lareah, Phys. Rev. Lett. 57,

1903 (1986).

D 9. D.0. Crier, D.A. Kessler and L.M. Sander, Phys.
M(r) - r f (1) Rev. Lett. 59, 2315 (1987).

where the mass of the aggregate M(r) within the radius
r may be obtained by the integration of the current
over the deposition time. This method is valid only
when the current efficiency is 10%. No competitive
reaction such as hydrogen evolution was observed
during the zinc electrodepoaition and the current
efficiency approached 100%. Current efficiencies were
calculated by titration of the zinc deposits with
dilute sulfuric acid and comparing to current-time
data. Figure 1 shows a typical zinc deposit obtained
from 0.01 M ZnSO4 solution under an applied potential
of 6V.

Figures 2 and 3 show typcial current and growth

curves, respectively, during zinc electrodeposition
experiments. Figure 2 can be integrated to give the
mass vs. time curve by using Faraday's law. Then by

logarithmically plotting the mass of the deposit vs.
its radius, the Hsusdorff dimension can be obtained
from the slope of the line as shown, for example, in
Figure 4. The results show that the scale-invariance
characteristics always exist under the present ex- Figure 1: Dense aggregate of zinc electrodeposition
perimental conditions. Similar results have been 0.01 M ZnSO 6V 15 minutes.

obtained by Brady and Ball for copper electrodeposi-
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Abstract No. 325

STABILITY ANALYSIS OF METAL ELECTRODEPOSITION A negative amplitude growth rate, or decay of the
perturbation, occurs only if the surface energy term

Dale P. Barkey*
, 
Rolf Ht. Muller, C.W. Tobias in the numerator exceeds the concentration term. With

the definition of a surface overpotential number,

Department of Chemical Engineering
University of California, Berkeley 9w-y W-

6 RT
and

Lawrence Berkeley Laboratory the stability criterion becomes,
Berkeley, California

A stability analysis of metal electrodeposition
on a smooth surface has been formulated and applied to L < Ws

copper deposition on a rotating cylinder. The I - i
analysis is an extension of Landau's treatment to L
include the electric field explicitly (I). Current
distribution on a sinusoidal profile was found by a
first order perturbation technique accounting for Experimental studies of copper deposition were
ohmic, kinetic and concentration overpotentials, and carriid out under controlled mass transfer conditions,
the derived current distribution was used to evaluate and Fourier transforms of deposit surfaces were
the rate of growth or decay of the perturbation, compared with predictions of the stability analysis

In agreement with Landau's result, deposition was (3). For low amplitude roughness, the analysis
found to be unstable for all practical conditions, applies to individual terms in the Fourier
The only stabilizing influence, the surface free representation of an arbitrary surface profile, and
energy, is insignificant for features larger than one the predicted and observed protrusion spacing may be
micrometer. The rate of surface amplification is, calculated by finding a weighted mean of the
however, sensitive to electrolysis parameters that can tranrform.
be controlled, and the analysis therefore provides Decrease in spatial period with increasing

useful information on conditions favorable to the current density and increase in spatial period with
production of coherent deposits and on expected increase in fraction of limiting current are correctly
protrusion spacing, predicted. The predicted magnitudes, however, are

The first order perturbation solution for the about half those observed. Increase in amplitude
rate of amplitude growth of a sinusoidal profile is, growth rate is correctly predicted for approach to

limiting current. However, the amplitude of
protrusions was observed to decrease with increasing

current density, rather than to increase, asRT . 2 v l2 predicted by the analysis. Deposits became more
c3'F , cb (I - ) D [OF compact and finely tcatured as current density was

hInA V IL increased at constant fraction of limiting current.
= . RT This result is evidently a consequence of factors not

8t OF 1 + RT ca RT considered in the stability analysis, such as the

- a i O a influence of nucleation density and variation in
OF IL boundary layer thickness over the roughened surfaces.

References

where w is the spatial frequency of the profile, u the (I) U. Landau in "Zinc Electrodeposition and
molar volume of metal, k the solution conductivity, 6 Dendritic growth from Zinc Halide Electrolytes", EPRI
the surface free energy, cb the bulk ion Report EN-2393, Electric Power Research Institute,
concentration and i1 the limiting current density. If Research Reports Center, Box 50490, Palo Alto, CA
w is taken as the characteristic dimension, the lnso 94303, (1982)

two terms in the denominator become the Wagner number,

Wa, and a concentration Wagner number, Wc, (2) G.A. Prentice, C.W. Tobias, J. Electrochem. Soc.,

respectively (2). 129, 316 (1982)

RT 1 2 v I w
2  

(3) D.P. Barkey, R.8. Huller, C.W. Tobias "Studies 0,v
High Speed Electroforming", submitted for publication

2
F
2
Cb( iD E in J. Electrochem. Soc.

0InA f2
=F OF I + Wc + Wa

Large magnitudes of these two groups indicate low

rates of amplitude growth or decay.
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Abstract No. 326

NON STEADY STATE MODELING OF TRANSPORT blocking equation:
CONTROLLED PLATING ADDITIVES

i= (l-6)ib(q)
David Roba and Uziel Landau

where is the blocking efficiency of the additive and 1b() isCase Western Reserve University the current density of a bare additive free surface under the
Chemical Engineering Department same overpotential, 7. Once ib('t) is found, q can be solved forCleveland, Ohio 44106 (explicitly for linear and Tafel kinetics, implicitly for

Butler-Volmer kinetics).In a previous paper (1) we have presented a A typical galvanostatic polarization curve withsteady-state transport based model of leveling additives in coumarin is shown in Fig. 2, along with the best fit curve ofplating. Among other things, the model can be used to plot the non-steady state model. It should be noted that althoughplating maps which identify those regimes of additive there is a peak in overpotential on the sweep up. there is none
concentration, current density and effective boundary layer on the sweep down. This is at odds with the behaviorthickness which lead to smooth deposition and those which do predicted by the steady-state model shown in Fig. 1. wherenot. This model also predicts the shape of the polarization since the curve is identical for both sweep directions, the samecurves with additive present, as shown in Fig. 1. Until now, peak should manifest during the down sweep as well. Thishowever, this model has been strictly theoretical and evaluated may reflect the fact that although additive can be readilywith arbitrarily selected physical parameters. In order to make removed from the surface through inclusion, readsorption ofpredictions on the behavior of real plating systems, the basic additive is an inherently slow process. Indeed although thephysical parameters of the model, (i.e. the inclusion constant, down--sweep peak has not been observed experilmentaly, theki, the adsorption and desorption constants, ka and k-a, and model predicts its appearance at extremely slow sweep rates.the additive diffusivity, Da) must be determined The non-steady state model also explainq the observedexperimentally shifting of the sweep-up peak to higher current densities andOne obvious approach is to obtain the parameters from its broadening as the sweep rate is increased. Also reproducedregression of the experimental polarization curves with by the model is the shortening of the inclusion peak withadditive present. To demonstrate this approach, we have extremely slow sweep rates. Although this model predicts thegenerated polarization curves for the systems of sodium lignin occurence and size of certain peaks in overpotential. it stillsulfonate and coumarin in the fluoborate lead plating bath, by does not quite reproduce the exact shape of certain peaks. Welinearly sweeping the current. The shapes of the curves believe that the actual inhibition mechanism of the additiveobtained (e.g. Fig. 2) are somewhat different than those of the may therefore be more complicated than simple blocking of thesteady state model and very dependent on the sweep rate, surface.
indicating that steady state has not been attained. Although We should also point out that not all parameters can bein theory one can always approximate steady state by sweeping deduced from polarization curves. It is also necessary toslowly enough, this is not always practical. For polarization obtain the adsorption isotherm of the additive on the metalsweeps lasting over several hours, the electrodeposit may grow surface. From the isotherm moonolayer surface concentration.
significantly, reducing the IR potential drop, and may also I',. can be obtained. Although the desorption constant, k-_,become rough, thereby increasing its effective surface area. can in theory be obtained from the regression of theSich growth related factors are difficult to separate from the polarization curves, its actual influence on the experimental
additive-kinetic related factors we wish to study. Therefore a data is so insignificant that its uncertainty is several orders ofmeans to extract the basic parameters from the non-steady itude greater than its own value. However analysis of thestate polarization behavior of additive systems is needed. isotherm also yields the ratio ks/k-a from which the desorption

As is illustrated in Fig. 3, the processes of additive constant may be obtained.
diffusion, adsorption and inclusion are coupled in series.
Additive adsorption has been found to be the rate determining REFERENCESprocess. Accordingly, we construct a quasi--steady state model
with the rate of additive diffusion set equal to the net rate of 1) D. Roha and U. Landau, A Transport Based Theory foradditive adsorption. The change in concentration of aqueous Leveling Additives, Extended Abstract # 571,
phase additive is slow enough to allow the mass transport of Fall meeting of The Electrochem. Soc..
additive, Nd, to be treated as a steady-state process: Honolulu, HIawali. Oct. 1987

Nd = 0

Here, Cso and Cab are the interfacial and bulk concentrations
of additive, respectively, and b is the equivalent mass transport
boundary layer thickness which is treated as being constant
with time. A mass balance on the adsorbed additive yields

rd# [k-n +DaC b/( O)(k 5 +kp)e

where rt is the surface concentration of one monolayer of
adsorbed additive, 0 is the surface coverage of additive and i is
the current density which is assumed to vary with time. Given
an initial surface coverage, one can compute the coverage at
any later point in time through numerical integration of the
above mass balance.

We choose to use fourth order Runge--Kutta
integration. To save computation time the program
remembers values of 0 from previous integrations with thesanme set of parameters. The current density value used at any
given point in time is that experimentally recorded during the
polarization sweep. When the time step is too large, the
algorithm becomes unstable and we must subdivide the
experimental time interval using linear interpolation With 0
computed, the overpotential can be found from the additive
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Abstract No. 327

Copper and Additive Effects on Plating High Aspect Electrochemical studies of the plating over-Ratio Through Holes in Printed Circuit Boards potential of the various plating solutions was
conducted using a PAR 273 potentiostat/

W. Sonnenberg, R. Bernards, and G.L. Fisher galvanostat, a Pine Instruments MSR speed control
and rotator, and a 4 mm diameter Pt disc rotating

Shiplay Company, Newton, MA electrode.

Introduction Results

The advent of surface mount technology is having a The throwing power of various acid copper plating
major impact on multilayer circuit board baths determined using the channel cell is given inconstruction. Circuit boards with 30-40 layers Figure 1. A maximum in throwing power occurredand greatly increased circuit density will not be at a specific copper metal:sulfuric acid ratio for
uncommon in the future. In order to gain the each level of copper studied.
maximum board real estate, through hole
diameters will be limited only by drilling This behavior was not due solely to changes intechnology. It is generally accepted that the hole solution conductivity since, above 200 g/L of
center to surface thickness ratio in thick, high sulfuric acid, conductivity varied only veryaspect ratio PC boards must exceed 0.67:1(1). slightly. Studies of the cathodic polarization
Thus electroplating of high aspect ratio holes in behavior of these solutions indicated a strongthick PC boards poses a difficult challenge to relationship between throwing power and theelectrochemists. magnitude of the plating overpotential.

This investigation was initiated to clarify the role Predictions of throwing power from the channelof plating additives in the electrodeposition of cell when various carriers were added to a platingcopper in high aspect ratio through holes, which is bath containing 30 g/L CuSO 4 5 H 9e, 300 g/L
still unclear (1,2). H 2Se 4 , and 50 mg/L HCI are shown in Figure 2. The

maximum throwing power is dependent upon theExperimental carrier type and current density. These and other
carriers were added individually to the above bathIt is well known that throwing power to plate high aspect ratio holes in the PC boards.measurements are strongly dependent upon cell The surface current density was maintained at 12geometry. Therefore a device to roughy simulate mA/cm 2

. As shown in Figire 3, the current density
plating conditions within a through hole was at the center of the hole varies widely dependingconstructed as follows. Two parallel stainless upon carrier type.
steel plates, approximately 7 cm x 10 cm and 1 cmapart were suspended in a small plating tank. An Two component additives containing a brightener
exaggerated hole was then formed by the solution and a carrier were also investi ated. Depending
/air interface and a polymer block attached to the upon the brightener employed, the :hrowing power
lower edge of the plates. Each plate had three either remained the same as that obtained with
stainless steel strips 1 cm wide embedded in it; the carrier alone or became worse. Again, a strongone at each end and the other at the center. These correlation was observed between an increase inwere electrically isolated fom the remainder of throwing power and the magnitude of the shift in
the electrode. Electrically isolated electrodes, 5 plating overpotential caused by the additive.cm x 7 cm, were placed at the ends of each plate
and perpendicular to it to represent the surface of References
a circuit board. Paddle agitation of the channel
electrode was by a motor and cam device to give a 1. E. K. Yung, L. T. Romankiw, & R. C. Alkire, Proced.4 cm stroke every 2 seconds. Bar anodes were Electrodeposition Technology Symp., pgs. 107-placed at each end of the tank 25 cm from the 102, CS, 1987.
channel cell.

2. T. Kessler & R. Alkire, Plat. Surf. Fin., 63, (9) 22Throwing power measurements were made by (1976)
applying a voltage to producA a total cell current
o6 am s (approx. 20 mA/cm '

) and measuring the
current flowing at each of the isolated electrodes.

These predictions were tested by plating high
aspect ratio holes drilled in FR -4 muti layer
circuit boards. The boards were 6.0 mm or 7.9 mmthick with holes 0.33 mm in diameter. The holes
were prepared for electroplating using a standard
permanganate desmear process followed by an
electroless copper deposit 1-2 microns thick.
Small coupons, 2 cm x 4 cm, taken from each board
were mounted in the central opening of a 10 cm x
20 cm copper clad laminate. These were plated in
a 65 liter tank using paddle and air agitation.
After plating, samples were prepared for
metallographic examination to determine throwing
power and deposit quality.
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Abstract No. 328

Secondary Current Distribution and Propagation The propagation history of a sinusoidal surface with
of A Wavy Electrode: Two-Dimensional Model initial amplitude (divided by wave length) 0.001, is shown

in Figure 4. The apparent tip radius of the profile (at x=0)
Shih-Liang Chiu and J. Robert Selman increases with time (broadening at the peak compared
Department of Chemical Engineering to original sine wave). This is largely due to the lateral

Illinois Institute of Technology deposition around the peak. The current distribution of a
Chicago, IL 60616 profile with original amplitude k cos 2rxe(- 

1 
+ cos 2rx)

The surface of most electrodes used in electrochem- (see Figure 5), is shown in Figure 6 for k = 0.05 and 0.1.The surfaiof os t us lntroo either on a macro - This profile is characterized by a sharper peak (at x=O)ical deposition is usually not smooth, eand an extended smooth valley (at x=0.5). Because of the
scopic or on a microscopic scale. The surface roughness increase in current when x is greater than 0.25, prolonged
may be caused by: (1) surface pretreatment, e.g., me- des e in the xs eate thandar peakngechanical polishing or electropolishing; (2) preferential no- deposition results in the appeaence of a secondary peak at
clationand rolih si esredriteformation2)r preferenu- x=0.5 (see Figure 7). This behavior clearly demonstrates
cleation and growth sites (dendrite formation) or preferen. that the "potential shadowing" effect has a limihed range,tial dissolution sites (corrosion pitting); (3) hydrodynamic in this case, limited to the protruding part of the surface.
effects (e.g., spiral formation at a rotating disk electrode). The re, out o the r g r of th e urfacer
Usually, the surface roughness or profile has a certain peri- The region out of the range of this effect will grow faster
odicity. The current distribution at such "wavy" surfaces than the region within the range.
is of interest since their propagation is very inportant in
applications such as surface finishing, electrowinning and Acknowledgement: This project is supported by Depart-
battery charging. ment of Energy through Lawrence Berkeley Labortory.

Because its relevance for zinc/bromine batteries[l], References
the parallel-plate flow electrode is studied in this paper. [1] Exxon Research and Engineering Company, Linden,
The secondary current distribution and the propagation NY. "Development of a Circulating Zinc-Broon ine
of a two-dimensional surface with small amplitude to wave Battcry". Phase II Final Report. (1962)
length ratio is analyzed. Different shapes of electrode pro- B ar Phsc "CrFina d epot. (1982)
file are also studied. The effect of the corrosion reaction [2] Shi-Liang Chiu, "Corrosion and Electrodeposition

on the amplification or leveling of the profile is of special tions". Ph.D. Thesis. Illinois Institute of Technology.
interest. tio , IL. (1988)

In the following analysis, a 2-D wavy working e[c- Chicago, IL. (1985)
trode (WE) of profile y. = f(x), wave length A, and a flat [3] P. Fedkiw. J. Electrochei. Soc. 127 (1980)1304
counter electrode (CE) of infinite length (see Figure 1) is [41 C.B. Thorsness and T.J. lanratty. AIChE J. 25
used. The CE is assumed to be nonpolarizable. The po- (1979)077

tential between the WE and the CE (4) is kept constant
(potentiostatic control). Applying conservation of current b.
to the bulk electrolyte, the secondary current distribution =
problem can be described by the Laplace equation with y
the appropriate boundary conditions. Once the current I
distribution is known, the propagation of the WE can be 0 = 0
calculated. The detailed numerical analysis is given in
Reference [2]. Y. f(z)

Figure 2 shows the primary current distribution at
the peak (ip) and the valley (i.) of a sinusoidal surface as r
a function of its amplitude-to-wave-length ratio (k/A). ] A
The CE is assumed to be located infinitely far away. For
comparison, the perturbation solution obtained by Fed-
kiwi3 j is also plotted. As the surface amplitude is in- Figure 1. Parallel-plate electrodes with 2-D wavy working
creased, i, becomes smaller and approaches zero as ex- electrode.
pected. In other wards, the "potential shadowing" effect 2.0.
is important even v hen k/.A is relatively small (si 0.2). ip

Using results obtained by Thorsness and Hanratty[41,
the limiting corrasion current distribution along a sinu- 1.5
soidal surface wiih flow in the transverse direction may Fedkiw's results
be calculated. Figure 3 shows the surface propagation ye- Present results
locity (i. - i.) as a function of a* for different k's. a* is
the dimensionless wave length, A/(v/u*), where v is the i 1.0
kinematic viscosity and u is the friction velocity. The
coulombic efficiency in the present study is fixed at about
80%. It should be noted that when u* (i.e., the Reynolds 0.5
number) increases, the corresponding a* decreases. As is
clear from Figure 3, the presence of the corrosion reaction
will retard the growth of the profile only above a certain
s value. At high convection rates (small a), the profile 0.0

will grow faster in the presence of corrosion than without 0
corrosion.

Figure 2. Primary current distribution at a sinusoidal sur
face.
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Abstract No. 329

Effects of Nonuniform Current Distributions Corrections to determine an exchange current
on the Interpretation of Kinetic Data density from an apparent exchange current density

obtained with a disk electrode are shown in figure
SI, assuming that the transfer coefficient is equal

Alan C. West and John Newman to the apparent transfer coefficient. Fi6 ure 2

gives an indication of when this assumption holds.
Materials and Chemical Sciences Division 6 is a dimensionless average current density,

Lawrence Berkeley Laboratory da
2
d

and deined in Newman [4], except that the apparent
Department of Chemical gngineering transfer coefficient, obtained from experimentalUniversity of California data, is used. Determining the true kinetic parame-

Berkeley, California 94720 ters from data is discussed by West and Newman [5).

In sumomary, this analysis confirms suggestions
that the reference electrode should be placed far

It has long been recognized that a geometry from the working electrode when possible. Methods

with a nonuniform primary current distribution is are given to determine the true kinetic parameters

less than ideal for measuring the kinetic rate con- from the apparent parameters obtained from measure-
stants of an electrochemical reaction [I]. mins without corrections. Additionally, it is
Nevertheless, there may be practical reasons for shown when these corrections are negligible.
using such geometries. This talk shows quantita-
tively the effects that nonuniform distributions can
have on interpretating kinetic data, assuming that 1) John Newman, "Current Distribution on a
ohmic correction is made by the interruption of Rotating Disk below the Limiting Current," J. Elec-
current. trochem. Soc., 113, 1235 (1966).

The difficulty in interpretation is caused by (21 John Newman, "Ohmic Potential Measured by
an uncertainty due to the current interrupter method Interruptor Techniques," J. Electrochem. Soc., i17,
and the inability to measure a local current den- 507 (1970)
sity Elaboration on these phenomena can be found
in Newman [2] and in Tiedemann et al. [3]. This [3] William H. Tiedemann, John Newman, and
shows how the exchange current density and the Douglas N. Bennion, "The Error in Measurements of
charge transfer coefficient can be obtained from the Electrode Kinetics Caused by Nonuniform Ohmic-
average current density and an apparent surface Potential Drop to a Disk Electrode," J. Electrochem.
overpotential. Soc., 120, 256 (1973).

Results are given for Tafel kinetic measure- (4] John Newman, Electrochemical Systems, p,
ments taken on a rotating disk electrode for three 348, Prentice-Hall, Englewood Cliffs, N. J. (1973).
reference electrode placements. Additionally, [5] Alan C. West and John Newman. "Correction
results are shown for measurements taken in the to Kinetic Measurements Taken on a Disk Electrode,"
linear and Tafel kinetic regions in a channel submitted to J. Electrochem. Soc.
geometry.
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Figure 1. Correction to the exchange current den- Figure 2 Correction to the transfer -oefficient
sity for three reference electrode placements, for three reference electrode placements as a func-
assuming a - a .pp tion of 6.pp
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Ab3tract No. 330

CURRENT DISTRIBUTION IN PATTERN PLATING OF TERTIARY DISTRIBUTION
NONUNIFORMLY SPACED AND ISOLATED LINES The disparity between secondary distribution predictions

and experiments indicate that mass transport effects are
Uziel Landau Important and tertiary distribution must be considered.

Department of Chemical Engineering Analysis Indicates, however, that the mass transport resistance
Case Western Reserve University Is small in comparison to kinetics. The key to the seemingly

Cleveland, OH 44106 contradictory evidence is that although mass transport
resistance Is not dominant by itself, It does bring aboutand variations In the surface concentrations, which have, in turn, aRaymond T. Galasco and John Tang pronounced effect on the kinetics. Since the latter control the

Development Laboratory deposition rate, this leads to significant differences in the
IBM Corp. current densities. A voltage balance, accounting for kinetics

Endicott, NY 13760 and mass transport but neglecting the comperatively minor

Increased complexity of electronic devices often requires ohmic component yields: + 7
the design of printed circuits with highly non-uniform is  ()
conductor line spacings and widths. Uniform plating of such - = (CC) [31
patterns is known to be difficult; thin isolated lines typically Ic
plate considerably faster than closely spaced lines. When the Here, C and Cc are the reactant concentrations near the
deposit on isolated lines exceeds the photoresist level it often
evolves Into undesirable mushroom-like shape with rough Isolated and clustered line elecLrodes, respectively. In deriving
texture. Presented here is a model that explains the phenomena Eq. (31 we made use of the relation 10 a C 7. When we assign a
and provides design guidelines, numerical value of 0.5 to -7 (2) we find:

The underlying reason for the enhanced deposition on (Is/ic) = (Cs/C 0.75
isolated lines is that they resemble line sinks offering lower c 131
resistance and access to two-dimensional transport. By The surface concentrations can be determined by solving the
contrast, dense line clusters resemble a planar electrode flow pattern within the cell in conjunction with the convective -
accessible only to one dimensional transport (Fig. 1). We diffusion-migration equations (3). Instead, we estimate the
analyze here primary, secondary and tertiary current surface concentration ratio by a relaxation model (4) to obtain:
distributions and present approximate analytical expressions l[S 1/2
and some numerically computed results. C tan (4)

PRIMARY DISTRIBUTION -C t 1 1/2In the absence of kinetics and transport limitat!ons, we tan R - 1) 1
find by conducting approximate voltage balances on an isolated
line and on the line cluster region: Introducing the former parameter values (SIWc = 20, f = 0.5),

W NW c K (I /cosh
2  ) Eq. 141 predicts that the surface concentration on the isolatedis dc- -- Inf +2 K(tan 2 line is 1.72 times higher than on the closely clustered lines. Eq.is d Ws + K) 131 then indicates a current density on the isolated line which is

d n + about 1.5 times higher than within the cluster. Fig. 4 shows the
t v W.- -2 current density ratio between isolated and closely spaced lines

as indicated by our model. It is noted that the current densityThe geometric parameters are defined In Fig. 1. The subscripts ratio is strongly influenced by the separation distance at low to
s and c designate the isolated line and the line cluster region, moderate separations, however, when the separation distance
respectively. N is the number of lines within the dense cluster exceeds about 50 times the gap between the close lines
and f is the area fraction covered by lines within this densely (S/S L 50) further changes in the current density become small.
patterned region: I = We/(Wc + Sc); K(m) is the complete c

Sparse line clusters can accommodate larger separations to an
elliptic integral of the first kind andg= ir N (Wc + Sc)/

4
S. isolated line than dense clusters while maintaining the same

When typical values are assigned to the parameters: ds = dc = current density ratio.

W s  e = W c = 2 mil, S = 40 mil and N = 10, Eq. [11 Indicates
that the current density on the Isolated line is 2.67 times higher ACKNOWLEDGEMENT
than on lines within the dense cluster. This is in excellent Key suggestions by Oscar Lanzl III are gratefully
agreement with numerical computations (I) indicating an acknowledged. Also acknowledged is help from W. Michael
average (primary) current density ratio of 2.66 (Fig.2 and 3). Lynes.

SECONDARY DISTRIBUTION REFERENCES
When both kinetics and ohmic limitations are important, 1. CELL-DESIGN R, Software for computer aided design of

assuming Tafel polarization, the current densities can be electrochemical cells, L-Chem, Inc., 13909 Larchmere
expressed implicitly: KBlvd. Shaker Heights, OH 44120.

lc (dc-!r- , c+ c 2. J. D. Reid and A. P. David, J. Electrochem. Soc., 134 (6)
2 K (tanh

2
ly) 1389-1394 (1987).

W S .Ws, =RT. I
( W-i (do + + -n-] = t n1! (21 3. M. Menon and U. Landau, Current Distribution Modeling

e~ c in Cells with Forced Convection, Abstract #224, The
lere, P is the electrolyte conductivity and p3 the cathodic Electrochem. Soc. 168th Meeting, Las Vegas, Nevada,
transfer coefficient. When values typical to copper plating are Oct. 1985.

introduced (n = 0.55 S/cm, # = 0.5 and Ic = 30 mA/cm 2
) we 4. 0. Lanzi Il, private communication.

find that the kinetic resistance Is completely dominant and
consequently only marginal difference (n 4%) Is anticipated
between current densities on isolated lines and dense regions.
Numerical secondary distribution computations substantiate
this analytical prediction; yet, experimental observations are in
complete disagreement with this result.
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Abstract No. 331

Optimization of Electrodeposit Uniformity on the Wagner number, W, which characterizes the
electrodeposition process. In the Tafel region, which

by the Use of Auxiliary Electrodes applies to virtually all industrial electrodeposition

processes, W can be expressed as:
S. Mchdizadeh, J. Dukovic, P.C. Andricacos, RTK

L.T. Romankiw W F a
IBM Research Division, T.J. Watson Research Center, C 1C rC

P.O. Box 218, Yorktown Heights, NY 10598 A base value of W= 0.25, typical of acid-copper depo-

sition at 10 mA/cm2 on a 125-mm diameter substrate,
H.Y. Cheh has been used in Figure 2.

Department of Chemical Engineering and Applied Chemistry,
Columbia University, New York, NY 10027 As a quantitative measure of current distribution

uniformity on the cathode, the normalized root-mean-
square deviation of the current density, ic , from its

Auxiliary cathodes, or 'thieves' are frequently average, .c , is used:
used in industrial electrodeposition to obtain uniform
thickness distribution (1-4). The particular case of an re 2 C
auxiliary electrode frame surrounding a planar 2 i rf O __12rdedr.
substrate has found application in the electronics in- =- 2
dustry (5). Such planar substrates are patterned by _of
photolithography to create metallized regions with
strictly controlled thickness and properties that strongly An algorithm has been developed to calculate "Aux that

depend on local current density (6-11). In some cases, produces the minimum value of a on the cathode for

a highly uniform current distribution (maximum devi- a prescribed value of ic. An optimum current distrib-

ation of a few percent from the mean) may be required ution on the cathode is thus obtained, and the effect

to obtain an acceptable product. of various parameters of the model on this optimum

In this study, numerical techniques are employed has been investigated.

to predict the effectiveness of a coplanar auxiliary Under the conditions of the base case, the value
electrode in achieving optimum current distribution on of 1

AUx that achieved the best uniformity possible (in
a planar working substrate, hereafter referred to simply this case, a = 0.008) was 2.13 times 1c. This optimum
as the cathode. value, however, depends on the Wagner number, W,

Figure 1 shows a schematic cross section of an and on several geometric values such as gap size,

axisymmetric cell with a coplanar, concentric current auxiliary-electrode size, wall position, and anode posi-

thief surrounding the cathode. A gap of non- tion. For instance, smaller values of a can be achieved

conducting material separates the cathode from the as the size of the auxiliary electrode is increased. Fig-

auxiliary electrode so that each can be independently ure 3 shows the dependence of a on the ratio of average
controlled by a galvanostat. In the base case chosen current densities, iAUX/iC, for various sizes of the auxil-

for this study, the outer radius of the auxiliary iary electrode. In the limit of very large rAux, the

electrode, rAux, is taken as twice that of the cathode, nonuniformity in the optimized current distribution on
rc, with a gap size g = 0.02 rc. The anode and the side the cathode is largely confined to the edge and can only

wall are sufficiently remote that their position does not be reduced further by reducing the gap size (Figure 4).

affect the current distribution on the cathode. However, at large values of ru x, a becomes more sen-
sitive to I~uX, as shown in Figure 3.

Concentration overpotential is assumed to be

negligible in the potential-theory model. The Butler- The optimum arrangement of an auxiliary cath-

Volmer equation for overpotential is assumed at both ode for a particular application in electrodeposition

the cathode and the auxiliary electrode surfaces. A depends on all the variables mentioned above, and a

boundary-element code described elsewhere (12), mod- detailed numerical analysis provides useful results for

ified to treat the three-electrode problem, is employed the design of such processes.

to solve the boundary-value problem.

Figure 2 shows the change in current distribution
on an axisymmetric section of the cell, as the average REFERENCES
current density on the auxiliary electrode, lAux, is al- I. S. Dalby, J. Nickelsen and L. Alting,
lowed to vary; in all cases, the average current density Electroplating and Metal Finishing, 28, 18-23 (Nov
on the cathode, ic, is fixed. The current distribution in 1979).
the case of no auxiliary electrode is solely dependent
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5. L. Berger, R. Boeckl, R. Kronemann and D.0 1
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J. Powers, A. Pfeiffer, and BJ1. Stoeber, Proceedings of Fig. 2. Secondary current distributions with
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ANODE current densities "Axi on the uniformity over the
cathode with size ratio r L Irc as a parameter
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Fig. 1. Schematic cross section of a cell with

concentric auxiliary electrode: computational domain Fig. 4. Optimized current distributions on the
and boundary conditions cathode for various size ratios rduxrc
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Abstract No. 332

A Novel Adaptation of the Finite Difference Method for Primary and tertiary distributions of a Ifull cell are shown
Accurate Description of Non-Orthogonal Boundaries in Figures 5-7. These calculations take about 100 seconds on an

IBMPC using the method described herein. The finite element
W. Michael Lynes and Uziel Landau technique requires this much time to execute on a main frame

computer (5).
Department of Chemical Engineering Figures 8-10 show a cell which is sensitive to surface area

Case Western Reserve University distortion. Table 2 compares the results of the new aplproach to
Cleveland, Ohio 44106 those of the 'staircase' approximation. The new anguar

technique accurately approaches the maximum current limit
Modeling of current and potential distribution in where the staircase method fails.

electrochemical cells requires solving Laplace's equation for the
potentials. This can be achieved in a general geometry cell by a Acknowledgement
number of numerical techniques including finite difference,
finite element, boundary integral, and orthogonal collocation. Development of the technique was supported by DOE contract
The finite differeiice method is particulaly attractive because of No. DE-ACOI-83ER80064 to Ilelipump Corporation. Portions
its speed, simplicity, and robustness (1). Its main difficulty, of the software are based on earlier workbyW. J. Cook.
however, lies in accurately describing non-orthogonal
boundaries (i.e. corners that are not right angles). Described de e
here is a novel extension of the finite difference technique which I. W. J. Cook and U. Landau, "Numerical Modeling of Current
enables accurate description of such boundaries. The method and Potential Distributions - Personal Computer
has been applied to modeling current and potential distributions Implementation," in Engineering of Industrial Electrolytic
in general geometry (2-D) electrochemical cells and Processes, U. Landau, R.E. White, and R.J. Varjian ds., The
implemented oii various personal computers (2). Comparison Electrochem. Soc. Softbound Proceedings Series, Pennington,
with other numerical techniques has been quite favorable. N.J. (1986).

The basic concept embodied in the finite difference
method is a current balance solved at each point in the grid. 2. CELL-DESIGN R Software for Computer Aided Design of
For a point in tl-h interior of the electrolyte, the control volume Electrochmemical Cells, L-Ciem, Inc. 13909 Larchmere Blvd.
for this current balance is a square (unit depth) as seen in Shaker leights, Ohio 44120
Figure 1. Ohm's law in this setting takes the form:

3. Donald W. Peaceman, Fundamentals of Numerical Reservoir
-K Simulation, Elsevier Scientific, New York, New York (1977).

where i is the current density, % is the conductivity, ind Vo is 4. F. Bowman, Introduction to Elliptic Functi'ns with
the potential gradient. Current densities through each side of Applications, Dover, (1961).
th e control volume can be calculated in terms of the grid point
potentials following equation [1. Multiplying the current 5. M. Matlosz, et al. J. Electrochem. Soc. 134 (12) pp 3015 -
densities by the respective areas provides the current which 3021 (1987).
enters any one of the faces. An iterative scheme is used to
adjust the potentials at each grid point until the currertt exiting Table I Speed m Acatracy Ccarparlao
each control volume is zero.

Angular boundaries are typically handled in the finite for Wedge-ahaped Cel
difference approach by the 'staircase' approximation ;3hown in Analytical okAlortx Dimensileaa Conmtntace = 1.279
Figure 2. This approximation has tile following problems:(]) it
distorts the shape of the boundary, and (2) it changes the "itaircae" Aomfoxnafimton
surface area of the boundary. Msh intervals Dinneoleaoie calculation"

These problems are substantial when the boundary is an Cociactw hre, (seconda)
electrode. The shape distortion introduces much 'noise' into the 12 x 24 1.248 51

current densities at each grid point on the boundary. The 49% 8 i.20s4 2

surface area distortion causes errors in calculating the kinetic
anti mass-transfer effects at the electrode surface.

These problems, however, can be completely avoided by hula yet

applying tile approach described herein. The key is to modify Mes laitorais Oiresiotous Ca colaionConductance time (seconds)

the control volumes adjacent to the boundary rather than the 12 X 24 iwsmi.i s
boundary itself. Figure 3 shows a typical example of these 24 X 4 1.2917 1si

modified control volumes. 48 X 96 1.2812 an

The new technique is based on conducting current
balances on these non-rectangular elements. A potential Adative finite,_ent _ _nn

gradient is assigned to each face of tie non-rectangular
elements. The current contributions associated with each of Reneen
these are carefully added and interfaced with the boundary Th-mrehlon Diwodtus.i NJ Cati(onds)
conditions. The potential assigned to a sloping electrode 25% C .o0? N. T 2
element is determined by extrapolation of the grid point 1s% i.2? 321 40
potentials. 'rime procedure is then incorporated within an 10s% I.M 451 ,32

efficient ADI (3) iteration algorithm. Calculations tot flie differeoce were pURonsld on S IBM PC87T Mh.).
Finite lemnet caculatilons w. perforned onan IBM AT (6-8 Mh).Comnarison to Other Techniques

The method described above was implemented or, an IBM
PC. Speed and accuracy were compared to both a standard Table 2 &IrCa Area Dbtrthon
finite difference technique and an adaptive finite element
te(lnique. The geometry for this comparison was a Staicase Angular Nid metiim Posibl

wedge-shaped cell ( Figure 4 ). The primary distribution has Total C.srret Total Current I Lim X &rac* Aree)

been solved analytically (4) providing a standard for
comparison. Table I shows the results. It can be seen that (1) O.9555 O.8991 0.9425
the new technique is identical in speed to the standrd finite
difference approach, anl (2) the new technique is an order of
magnitude faster than the finite element program at reaching a
(,sired accuracy. 488



Fi. 7.lull Cell - tertiary current distribution with:F~gei I io=1.3 mA/cm a/2 033;n~
Cu,,t bahrme C *OI Vobjn. ;2 .9

iLim = 50 mA/cm K 0.26 mba/cm; voltage =.IV

Ag~e 2 FW9j 3

Fig. 8. Angular approximation of circular geometry for
surface area distortiou comparison - tertiary current
distributions with: 30 X 25 grid ;lcm grid spsacing

voltage =I V; rK I mlio/cm; io = I mA/cm2

a/fl = 0.333 ; -i 50 mA/cm2
; n = 2

cathode surface arca = 6;r cm
2

Fig. 4. Wedge-sbaped geometry for speed and accuracy All dashed boundaries are insulating.
comparison (primary current distribution)________________
Dashed acea in pcoportional to the cucrent
density.

Fig. 9. Potential contour map for above conditions
Fig. 5. Hull Cell - primary current distribution

Fig. 10. Staircase approximation of circular geon-etry forsurface area distortion comparison - tertiary current
Fig. 6. Hull Cell - primary potential contours distribution with saume conditions as Fig. 8.
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Abstract No. 333Effect of Agitation on the The polarization behavior of each reaction involved in the
EfectofAittion o n te llNiFe plating system is seen in Figures 3, 4, and 5 for Ni de-

Electrodeposltlon of NIFe Alloys position, Fe deposition, and H, evolution, respectively. In
Figure 3, the kinetics of Ni deposition when it co-deposits
with Fe are compared with the kinetics of the same reaction
when it occurs from a solution identical to the one described

P.C. Andricaca., C. Arena,' above without the Fe salt. It is seen that Ni deposition is
J. Tablb, 2  

inhibited by Fe co-deposition and this effect manifests itself
J. Dukovlc, and L.T. Romankw as a shift of the Tafel line in the cathodic direction. The shift

depends on agitation but only in the region where the Fe
deposition reaction is influenced by mass transport.

IBM Research Division The kinetics of the Fe deposition reaction is shown in Figure
T.J. Watson Research Center 4. Due to the preferential deposition of Fe and to the low

P.O. Box 218, Yorktown Heights, N.Y. 10598 concentration of Fell in the plating solution, the Fe deposi-

tion reaction becomes mass transfer limited at sufficiently
cathodic potentials as witnessed by its dependence on agi-
tation and relative insensitivity to the potential. Examina-
tion of the oxidation of Fel ion in the same solution reveals

Although agitation plays a significant role in alloy that the diffusivity of the ion is the same in both reactions
electrodeposition, very few experimental data are available and equal to 4.6x 10-' cm2/s.
in the literature describing its effects on alloy composition,
bath current efficiency, electrode potential, and partial cur- Tafel plots for H2 evolution during NiFe deposition are
rent densities. In this paper, we provide such data for the shown in Figure 5. It is seen that agitation has a significant
particular case of NiFe alloy plating; this system is interest- effect on the reaction rate, while the dependence on the po-
ing both because of its mechanism (1) and because of and its tential is weak. Experiments conducted in a solution similar
relevence to computer storage technology (2, 3). to the one described above but without the metal ions re-

vealed that both H* and H20 contribute to the net rate of
Studies of alloy plating usually require a large number of H2 evolution. Hydrogen ion reduction on NiFe becomes
experiments to be performed including analysis of the thick- mass transport limited over the same potential range at
ness and composition of the plated alloy-films. We have re- which NiFe deposits, thereby explaining both the strong ef-
cently demonstrated (4) that a Rotating Ring-Disk Electrode fect of agitation and the weak dependence on the potential.
(RRDE) can be conveniently used for this purpose, in place Hydrogen evolution rates on Ni and NiFe substrates were
of instruments such as Electron Microprobes or Atomic Ab- found to be similar to those obtained during Ni and NiFe
sorption / Inductively Coupled Plasma Spectrometers. The deposition.
use of a RRDE allows plating to be done on the disk under
well characterized hydrodynamic conditions, while the alloy
composition and bath current efficiency can be determined
by exploiting the collection property of the ring (4).

In this study NiFe alloys were plated from a chloride-based References
solution described in References 2 and 3. It contained 0.5 1. H. Dahms and I.M. Croll, J. Electrochem. Soc., Il1,
M NaCI, 0.4 M HJBOI, 0.2 M NiCI2, and 0.005 M FeCI2  771(1965)
acidified to a pH of 3 with HCI. All plating runs were done 2. E.E. Castellani, J.V. Powers, and L.T. Romankiw, U.S.
galvanostatically at 25 *C. Patent 4,102,756 (July 25, 1978)

3. N.C. Anderson and C.R. Grover, U.S. Patent 4,279,707
Figures I and 2 show the effect of rotation speed and total (July 21, 1981)
plating current density on the composition of the plated film 4 P A J. Tabib, and L.T. Romankiw, J.
and the current efficiency of the solution, respectively. It is
seen that both parameters play a significant role; any alloy
composition between roughly 5 and 40 wt. percent Fe can
be obtained from this plating solution by selecting the cur-
rent density and agitation conditions; similarly, the current
efficiency varies roughly between 20 and 100 percent.

Present Address: Department of Chemistry, Baker Lab-
oratory, Cornell University, Ithaca, N.Y. 14753

Present Address: IBM San Jose, 5600 Cottle Road, San
Jose, Ca. 95193
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MICROELECTRODE ASSEMBLIES FOR

ELECTROPLATING STUDIES

Rex Louis Deutscher and Stephen Fletcher

CSIRO

Institute of Minerals, Energy, and Construction

Division of Mineral Products

P.O. Box 124

Port Melbourne, Victoria 3207, Australia

ABSTRACT scope; and thirdly it provides access to a much

wider range of N(t) values than was possible

The development and upe of microelectrode before.

assemblies for nucleation studies is described.

It is shown how this new technology can be used to

deconvolute nucleation and crystal growth rates, EXPERIMENTAL

thereby revealing unexpected properties of metal

plating processes. Recent advances achieved by Two microelectrode assemblies were cons-

the electrometallurgical processing group at CSIRO cructed; one consisting of 2500 carbon fibre

Include the discovery of nucleation rate disper- microdisks (each of -8 Lm diameter) and the other

sion and the first observations of nucleation of 40,000 carbon fibre microdisks (each of

after-effects. -5 pm diameter). Both were potted in a matrix of

non-conducting epoxy resin. A micrograph of part

of the first one is shown in Pig. 1.

INTRODUCTION

Over the past thirty years, a major problem

in studies of ucleation in electrochemical sys-

tems has been the lack of a suitable method of

counting the time-varying numbers of crystals N(t)

formed during the course of a reaction. This is

an annoying problem because many related par-

ameters can be measured with high accuracy, such

as the total reaction rate (the electrical cur-

rent) and the driving force for nucleation (the

electrode potential). Yet in the best crystal-

counting method reported so far - the "double

potential step" method - crystals are counted one
at a time under a microscope, with the result that

it is very difficult to prodice accurate or even

statistically representative data [1-71. More- - _ J
over, even when sufficient data are accumulated

for them to be considered representative, there

remains the problem that they may not be directly Fig. 1. Micrograph of a microelcctrode assembly.

compared with the predictions of classical Each microelectrode consists of the disk-shaped

theories of heterogeneous nucleation because end face of a carbon f'bre; the matrix is a non-

nucleation sites (active sites) are occluded by conducting epoxy resin.

the diffusion zones of growing crystals. As a

result, the correct functional form of the RESULTS

experimental time-depandence of the number of

crystals has never been accurately determined. Some typical data obtained using the micro-

electrode assembly technique are shown in Figs.
In the present paper we report a new develop- 2-4. The results have profound implications for

sent in this field of research; namely, an on-line the modeling of electroplating phenomena; the non-

computer method of deconvoluting N(t) curves from steady state of nucleation must be considered, and

potentiostAtic current-time i(t) transients, using a spread of activities of active sites on elect-

an apparatus which avoids the need for microscopy, rode surfaces must also be taken into account.

and which guarantees that nucleation sites are not

occluded by the diffusion zones of growing crys- REFERENCES

tals. The basic idea is to deposit crystals on an

assembly of microelectrodes which are so far apart 1. R.L. Deutscher and S. Fletcher, J.

that the crystals cannot interact in any way. Electroanal. Chem. 239 (1988) 17-54.

Besides removing the problem of the occlusion of

nucleation sites, this circumvents three serious 2. R.L. Deutacher and S. Fletcher, in "Electro-

difficulties that plagued the older method, chemistry: Current and Potential Applicat-

Firstly, it is a "single shot" method and so does ions", proceedings of the 7th Australian

not require a series of separate measurements of Electrochemistry Conference (7AE' ), Sydney,

different durations to re-construct the N(to curve 15-19 Feb. 1988 (RACI, Melbourne, IQ88)

point-by-point; secondly, it removes the tedi,m of pp. 308-311.

counting crystals one-at-s-time under a micro-
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Fig. 2. The number of crystals as a function of time, ior lead crystals

deposited on carbon from an aqueous solution of 2 x 10 M Pb(Ac) 2 in a
mixture of 0..M NaAc and 0.iM HAc. Note that the results do not obey
the Bewick-Pleischmann-Thirsk 'progressive' nucleation law.

4

500 1000 1500

als-

Fig. 3. The discovery of nucleation rate dispersion. This plot shows
the spread of nucleation rates (a) on one electrode, for similar
deposition conditigns to those shown in Fig. 2, except the concentration
of Pb(Ac) 2 was 10 -. Empirically it is found that the size of the
spread depends on the nature of the electrode preparation procedure.

24000

0 500

Fig. 4. Experimental observation of a "nucleation after-effect" caused
by the continuation of nucleation after he completion of a brief pulse
of potential. Nucleation continues after a pulse is switched off
because of the relaxation of the cluster-size distribution of sub-
critical clusters: direct evidence for the validity of Volmer's concept
of unstable clusters acting as "seeds" for the nucleation process.
System: as in Fig. 2. Pulse: -150 mV for 5 ms. Growth potential:
-40 mV.

493



I- m

Abstract No. 335

HYDROGEN UPTAKE DURING CADMIUM ELECTROPLATING

M. M. Makhlouf, R. R. Biederman and R. D.Sisson, Jr.

Worcester Polytechnic Institute
Mechanical Engineering

100 Institute Road
Worcester, MA 01609

It is a common practice to electrodeposit cadmium
on high strength low alloy steels as a protective
measure against corosive environments []. Unfor-
tunately, most of the commercially available cadmium
electroplating baths codeposit a significant amount
of hydrogen during the plating process £2]. This
hydrogen diffuses to areas of high triaxial stress,
enbrittles the steel and eventually leads to cata-
strophic failure of parts during service £3).
The surface finish and temper condition of the

steel, as well as the bath composition and elec-
troplating process parameters are important factors
in determining the amount of hydrogen uptaken by the
steel. These factors are examined both experiment-

ally and analytically and their effect on the flux
of hydrogen is explained.
A Devanathan cell [4) was used to measure the flux

of hydrogen uptaken by 4340 steel during electro-
plating from cadmium baths. The steel samples were
quenched and tempered to three different hardness
levels and their surfaces were modified by silicon
carbide polishing paper to produce two different
surface finishes. The electroplating process par-
ameters were varied and their effect on the hydrogen
flux was measured and explained in terms of the
deposit microstructure and the well known barrier
mechanism [5].
A computer program based on the Caskey and

Pillinger solution [6) of the McNabb and Foster
equations [7) was developed and used to explain
the experimental data in terms of hydrogen entry,
trapping and permeation into the steel. The
original model by McNabb and Foster was modified to
account for limited mass transfer between the
steel's surface and the electroplating bath £8].
Comparison of the experimental data with computer
predictions was found to be very difficult due
mainly to the large number of trapping coefficients
involved.

REFERENCES:

I. F. A. Lowenheim: ASTM STP785, American Society

for Testing and Materials, Phila., PA, 1982.
2. J. B. Boodey and V. S. Agarwala: Corrosion 87,

Paper No. 224.
3. J. P. HIrth: Trans. AIME, 1980, vol. IIA, pp.

861.
4. M. Devanathan and Z. Stachurski: Proc. Roy.

Soc., 1962, vol. A270, pp. 90.
5. M. Zamanzadeh, et. al.: J. Electrochem. Soc.:

Electrochemical Science and Technology 1982,
vol. 129, NO. 2, pp. 284.

6. G. R. Caskey and W. L. Pillinger: Met. Trans. A,
1975, vol. 65, pp. 467.

7. A. McNabb and P. K. Foster: Trans. TMS-AIME,
1963, vol. 227, pp. 618.

8. M. M. Makhlouf and R. 0. Sisson, Jr.:

Proc. of the Third International Conference on
Environmental Degradation of Engineering
Materials, 1987, pp. 665.
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CRYSTALLOGRAPHY OF PLATING FILM AND AMORPHOUS PLATING popular Nit-P plating has the favourable properties as
well as the high corrosion-resistance is that this

Tohru Watanabe plating film has become an amorphous structure. As

mentioned above, amorphous alloys have various inter-

Department of Industrial Chemistry esting physical properties. The biggest structural

Faculty of Technology features of this amorphous state are to have been

Tokyo Metropolitan University uniform in chemical compositions and structure as

shown In Photograph 2. These features hive bcn the

2-1-1 Fukazawa. Setagaya-ku, Tokyo, Japan 158 origin of various interesting properties. ven by the

plating method, as indicated on Table 1, various

1. Introduction amorphous alloys are obtained and by the study of this

Plating technology is said to have been bipolariz- author, it has been cleared up so far that each

ed recently. The one is a surface finishing technolo- amorphous alloy has respectively different/peculiar

gy aiming anticorrosion, anti-abrasion and glazed- physical properties. The amorphous alloy manufactur-
finish etc., and the other is to manufacture a func- ing method by this plating technology has more merits

tional material using the plating technology. The than the other methods. I think that the studies of
latter has been a positive manufacturing technology of amorphous alloy manufacturing methods and of the
functional material recently, rather than a plating applications are essential and have to be further

technology, due to the rapid development of the developed toward the future realization.

delicate and highly efficient functionarization, which l)T.Watanabe:"Cr'sta:llopraphic Relationship between
could have been said as one of high technologies. Plating Film and Subsr-e", J. Metail Finishin n Sic.
From such view point, the plating technology seems to of Japan, 37 (1986)40.

have been in a revolutionary stage. Under such 2)T.Wauanabe & Y.Tanabe:"Formation cf Amorphous I "li!-
circumstance, the plating technology should take a ins Techniques", .. Metal Finishing So'. of Japan, 3.
step toward the positive manufacturing technology of (lY4l)600.

functional material, apart from the traditional/old 3)T.Wataole:"Amrphous Plating", J. Metal Fisi in
concept of passive image. As the first step toward a Soc. f Japan, 37 (1987)2101.
positiee way, although It seems a daring way of A)T.liar.nobe:"ligb Ccrrsi ,r Resistant Amorphou, nlat-

thinking, it is recommended to aim an image-up of the ing", .1. Institute of Icon and Steel of Japan, 73
technology by taking a new naming (such as a "fine (1987)2180.

plating"), independently to the traditional ward of 5)T.Watanabe & N.Usuzaka:"Amorphous Platine -Prep:ri-
"plating technology". The other view is to take a Lions of Co-(;d Aiorpuhii All cv Film , ti- Fle , t -
method of study to control the crystalline structure iliating MelhodI-", Proc. Americoan Fletrcplaiters and

so that the aimed physical properties can be obtained Surface Finishing So., In-. 73erd, Annual Tcchnic-l
by observing in detail the plating film metallographi- Conferen-Chici'o, Generl Inlteret I.Iis.C)F.

rally and crystallographically.

2. Crystallographical study of plating technologies .- - -- , 7

"The physical property of the plating film is
-directly resulted from its crystalline structure". n -
The plating film should never be of a simple thin-

coating, hut has a significant thickness micrograph-
irally, among which we can observe an extremely

interesting fine structure. This structure changes
sensitively by even minor change of the plating

conditions. Such sensitivity shall be kept strictly

in mind. If the structure changes, it is quite
natural that the physical properties change. As an piito.I SuIrf:ie inl fr.'tr , Fi

5
.l ,Ku-i iti ,{i or i

example, in the Photograph 1, for the case of a -- ctiou ot crystalline I
crystalline plating film growth, the structures of the Ni cI-ctr-pI.iti K file.

surface and the fracture section can be seen. At the
view of the fracture section, a growth of column state
crystalline is observed, but neighbouring to the

substrate, the crystalline has been in a fine particle ,

state, which is shown simulately In Fig. 1. For the
case that a plating film takes an amorphous structure,

the conditions of the surface and the fracture section

can be seen in Photograph 2. The structure differs so

much from Photograph I. Such differences of the

structure result naturally in those of the physical
properties. The study of plating technologies shall

he proceeded considering what kind of structures are
necessary for good plating films and what kind of
conditions are necessary for platings to hold such

favourable structures. Phot .2 l-f, c i ci tir e sic tic,
'11"phu: ,tl~ film p'ro;-r.d 1,

3. Amorphous plating iei, trpl, ting Methdi
Generally it is said that the amorphous alloys

have various peculiar properties which are called Fig. I Armorpii-. illhu. ind im-,rpbooii-like i1,.
"Dream Materials" materiallographically. Such amor- iipiri l-,'I ititg mccl,,i.

phous alloys can be easily obtained, too, by plating " .. .....

methods. As chemical agents of glazing, stress- , ... . ,

relieving and anti-cracking for the plating work, 4 l , '

P,Y.B and As etc. are often added into the plating . , i N N i

films. These metalloid contribute to make finer the I,

crystalline at all. More the quantity of these '-

agents, the plating film structures result ultimately .. i ,

In the amorphois state. The reason why the most ... ..- -' i, ......

iii
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TRE EFFECT OF HYDROGEN AND DEPOSITION The best fit diffusion coefficient for the data presented in
CONDITIONS ON THE DUCTILITY OF Figure 1 is 4.6 (0t.3) x 10-i0 cm2/s. This compares well with

ELECTRODEPOSITED NI-P AMORPHOUS ALLOYS values presented In the literature for hydrogen diffusion through
P- Ion implanted nickel, (D = 2 x 10-10 to 8 x 10-1o cm

2
/s, (7)),

but is one order of magnitude larger than the diffusion

Robert L. Zeller III and Uzlel Landau coefficient reported for Allied Metglas MBF-60 melt-quenched
Department of Chemical Engineering Nis1 Pls amorphous alloy, (D = 2.2 x 10-1 cm2/s, (2)).

Western Reserve University
Cleveland, Ohio 44106 The ductility of the electrodeposits, measured by two

different techniques, as a function of annealing time is presented
in Figure 2. As shown, the effect of annealing time (or hydrogen
content) has very little effect on the ductility. The results are

Amorphous alloys are characterized by unique and highly compared to the ductility of the MBF-60, which exhibits a
attractive mechanical, chemical, and magnetic properties, much greater ductility. These results indicate that diffusible
Electrodeposition potentially offers an easy one-step technique hydrogen has a negligible effect on the ductility of Ni-P
to form monolithic parts out of amorphous alloys with amorphous alloys.
appreciable thickness and controlled shape. Electrodeposited
amorphous alloys are extremely brittle, as compared to the To further support this observation, ductility and tensile
analogous material prepared by melt-quenching, which results tests were performed on hydrogen charged and as received
In severe restrictions on their practical application. Suzuki et MBF-60 samples. The results o[the ductility and tensile tests
al. (I) found that the atomic and electronic structure of are shown in Table 2 and are in agreement with those reported
electrodeposited and melt-quenched Ni-P amorphous alloys by Chen et al.[81 for melt-quenched NisoP 2o, (E = 0.103 x 106
were essentially the same yet the electrodeposited alloy was MPa). These results also Indicate that diffusible hydrogen has
significantly less ductile than the melt-quenched alloy. They little effect on the ductility of Ni-P amorphous alloys, although
hypothesized that hydrogen may have embrittled the a 25 percent reduction in the ultimate tensile strength was
electrodeposited alloy. Other researchers have found hydrogen observed.
embrittlement in Iron-based amorphous alloys (e.g., 2, 3). The
purpose of this work is to elucidate the causes for brittleness in The effect of deposit thickness on its ductility was
electrodeposited Ni-P amorphous alloys, determine the effect of investigated using the bath composition and operating
diffusible hydrogen, and explore the effects of deposition tonditions presented in Table 1, except that the pit was 1.09.
conditions on the ductility of Ni-P amorphous alloys. The ductility versus deposit thickness is shown in Figure 3. The

data Illustrates that ductility slightly decreases with increasing
Low temperature vacuum anneal (LTVA) experiments at thickness, opposite to the trend reported by Okinaka a d

102 OC were conducted following the technique of Okinaka and Strschil 141 or electroless copper. This may indicate that
Straschil (4). The hydrogen content was analyzed using a defects in the deposit microstructure, or the microstructure
LECO RH-2 Hydrogen Determinator. Differential Scanning itself, may cause the brittleness observed in electrodeposited
Calorimetry (DSC) curves exhibited identical transition Ni-P amorphous alloys.
temperatures and energies throughout the annealing process,
Indicating that no microstructural changes were occurring. The A comprehensive study was conducted to explore the
alloys were deposited using the bath composition and operating effects of the plating process parameters on the ductility of the
conditions presented in Table 1. The electrodeposition electrodeposited Ni-P amorphous alloys. The microstructure of
technique Is detailed elsewhere (5). The ductility was measured these alloys were quantified using SEM/EDS, DSC, x-ray
In two ways. The first was quantitative, using a mechanical diffraction, and Transmission Electron Microscopy. Results
bulge tester, following Nakahara, et al. (6), where results are indicate that the microstructure plays the dominate role in
expressed in percentage elongation at fracture. The second was determining the ductility of electrodeposited Ni-P amorphous
semi-quantitative, in which the sample was bent over a very alloys.
small radius and the angle at fracture was measured.

The results of the LTVA experiment are presented In Acknowledgement
Figure 1. As shown, the hydrogen content decreases with
increased annealing time and approaches zero at long times, This work was conducted with the support of the
indicating that all the hydrogen is diffusible. This data can be Aluminum Company of America (Alcoa). Helpful discussions
fit to a model for estimating the hydrogen diffusion coefficient, with Alfred F. LaCamera are acknowledged.
D, through the electrodepoe t. The system can be described as a
solid bounded by two parallel planes, in which the following
transport equation holds: References

(I) Suzuki, K., F. Itoh, T. Fukunga, and T. Honda, Rapidl
atC = Di Qnched Mela, Pros. ul Conf., d
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2, 410 (i978).

& () Latti$ifon, RM., C,. Compeau, and M. Kokela,
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V1178 (1g'77).8 _ _ exr [(2n+112W2t 2 (7) Nishimura, It., RM. Latantlon, and G.K. liuble,.

TIM - FF. 411 P [- C onoosoc, Efeci ,hlcisry, and Coairss of Melodic Gla.es,
0K IB. Dle anle ad K. Hashinino, Ed., The Elecitochemical

Society, 88-i, 277 (19811)
()Chen, H.S. J.T. Keen ad E. Colecian, J.

where U is the total hydrogen content In the electrodeposit. Lo-ovslaift,, A, 5i, ,57 (iis).
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Abstract No. 338

EFFECTS OF HEAT TREATMENT ON THE STRUCTURE

AND PROPERTIES OF ELECTRODEPOSITED AMORPHOUS
IRON-NICKEL-PHOSPHORUS ALLOYS

K. Sridharan and K. Sheppard

Department of Materials and Metallurgical Engineering
Stevens Institute of Technology

Hoboken, NJ 07030

In recent years there has been considerable

research interest in metallic glasses, i.e., metallic

alloys exhibiting a metastable short-range atomic

ordering, but not possessing the long-range crystal-

line ordering normally associated with metals.

Metallic glasses have proven to have unusual or

superior properties compared to their crystalline

counterparts. Most of the research focus has been on

metallic glasses produced by rapid solidification.

However. electrodepositlon offers the possibility of

a low cost, low temperature route to producing amor-

phous metallic alloy coatings or electroformed com-

plex shapes not achievable by rapid solidification.

Autocatalytically deposited nickel-phosphorus

(electroless nickel) was in fact the first metallic

glass discovered and its structure and properties

have been extensively studied [I]. This material can

also be produced by electrodeposition with similar

properties [23. Recently the electrodeposltion of

iron-nickel-phosphorus alloys was reported that were

amorphous over a wider range of composition [31. In

this paper we report on the crystallization behavior

on heating of these metastable alloys.

The Fe-Ni-P alloys were electrodeposited from a

sulfate bath containing sodium hypophosphite as the

source of phosphorus. Deposition was onto anodized

titanium to allow easy stripping for characteriza-

tion. The effect of heating on the crystallization

behavior was studied for various amorphous alloy

compositions by differential scanning calorimetry.

v url" different heating rates it was possible to

obtain an activation energy for crystallization that

suggested that nickel-rich alloy crystallization was

dominated by nickel self-diffusion. For the iron-

rich alloys no simple diffusion process matched the

activation energy data. Isothermal heat treatments

were also conducted at various temperatures and times

and the crystallization kinetics evaluated from X-ray

and transmission electron microscopy data. Proper-

ties, in particular microhardness, were measured for

the amorphous and crystallized materials. Crystal-

lization to the thermodynamically stable phase

(NiFe),P resulted in mlcrohardness increases from

about 700 VHN to 1050 VHN. These values both before

and after annealing are in the same range as rapidly

solidified metallic glass of similar composition.

References

[I] "The Properties of Electrodeposited Metals and

Alloys," W.H. Safranek, Ed., American Electro

platers and Surface Finishers Society, Orlando,

Florida 1986, pp. 497-529.

[21 D.S. Lashmore and J.F. Weinroth, Plating and

Surface Finishing, 69, 72 (1982).

[3] K. Sridharan and K. Sheppard, Extended Abstract
502, Vol. 86-2 (1986). The Electrochemical
Society.
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Abstract No. 339

Structure of electroless Ni parallel and
perpendicular to the substrate was examined
by transmission electron microscopy (TEM).
Samples parallel to the substrate were
thinned by ion milling. Samples embedded in

STRUCTURE AND ELECTRICAL RESISTIVITY an epoxy resin were thin-sectionned
OF ELECTROLESS NICKEL THIN FILMS perpendicular to the substrate with a diamond

knife using ultramicrotome. Surface
H.Paunovic,M.Madden,C.H.Ting, morphology (microtopography) was examined by

P.L.Pai,and T.Ton scanning electron microscopy (SEM), TEM
Components Research replica technique, and stylus measurement

Intel Corporation, SC3-06 system. The electrical resistivity of thin
2250 mission College Blvd. films was measured using either a two-point
Santa Clara, CA 95052-8125 resistivity probe or a four-point resistivity

probe (4).

One new area of application of REFERENCES
selective electroless metal deposition is
deposition for fabrication of microelectronic
circuits (1-3). In the very large-scale 1. C.f.Ting,M. Paunovic,and G.Chiu, Abstract
integration (VLSI) of microelectronic 239, The Elw:trochemical Society
circuits elements of the conductive pattern Extended Abstracts, Philadelphia,
are in micrometer dimensions. These PAMay 1987.
dimensions require that the deposited metal 2. C.H.Ting,in "Electroless Deposition of
has fine structute and very smooth surface Metals and Alloys", M.Paunovic and
topography. Dimensions of the growth I.Ohno, Editors,p.223,The Electrochemical
features, in the plane parallel and in the Society Softbound Proceedings
plane normal to the substrate, must be in the Series,Pennington,NJ (1988).
sub-micrometer range. This is the first 3. Y.Harada,K.Fushimi,S.Madokoro,H.Sawai, and
criterion for applicability of electroless S.Ushio,J.Electrochem.Soc.,133,2428(1986).
metal deposition in integrated circuit (IC) 4. A.Gangulee,A.M.Tuxford,L.T.Romankiw,and
fabrication. The second criterion is A.F. Mayada s, in "Properties of
electrical resistivity. It is known that Electrodeposits,Their Measurements and
films of one and the same metal, when Significance",R.Sard,H.Leidheiser,Jr.,and
prepared by different techniques, may have F.Ogburn,Editors,p.374,The
resistivities varying by several hundred Electrochemical Society Softbound
percent (4). Proceedings Series,Princeton,NJ (1975).

There is a very limited number of 5. A.Brenner,Metal Finish.,52,68(1954).

published studies on structure of electroless 6. G.O.Mallory,Trans.Inst.Metal
published sFinish.,56,81(1978).

nickel (6-8). According to the published 7. P.Cavallotti and G.Salvago,Abstract
studies Ni deposits have lamellar structure, 435,p.656,The Electrochemical Society
or lamellar structure superimposed upon a Extended Abstracts,Fall Meeting,San
columnar structure. Average thickness is of Diego,California,Oct.19-24,1986.
the lamellae is between 1 and 2 Am 8. T.Osaka,H.Nagata,E.Nakajima,and
(5).Lamellae are composed of fine I.Koiwa,J.Electrochem.Soc.
crystallites with crystallite diamter about 133,2345(1986).
20 A (6). There is no extensive study on
relationship between structure, solution
composition, kinetic parameters, and
electrical properties of electroless nickel.
The purpose of this study is to determine
this relationship.

Both, structure and electrical
properties of the electroles deposit, depend
on composition of the electroless solution.
In order to understand the above mentioned
relationship two types of solutions were
used. In the first type the reducing agent
was sodium hypophosphite and in the second
dimethylamine borane (DMAB). Solutions
without and with additives were used. The
effect of following additives was studied:
(NH4 )2 S04 , K3 (Co(CN)6],MBT ( sodium 2-
mercaptobenzothiazole), and Triton X-100.
Three classes of substrates were used: (i) Al
(1 14m thick) sputtered on Si0 2 grown on Si
wafer, (ii) Ti (Imm thick) on Si wafer, and
(iii) glass (microscope slide). The sequence
of events which occur as the Ni film
thickness is increased up to 2 gm was
followed.
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CORRELATION OF PERPENDICULAR MAGNETIC b, increases upon risin: in Co content and
ANISOTROPY AND MICROSTRUC URE OF shows the maximum value at ca. 30 at.% of Co
ELECTROLESS PLATED CONiReP THIN FILMS content, while the value decreases sharply

over ca. 30 at.%. Perpendicular coercivity,
Tetsuya Osaka and Takayuki Homma Hc(-L), and perpendicular anisotropy field,

Hk values showed similar behavior as that of
Department of Applied Chemistry Ku value.

Waseda University Figure 3 shows the MH-loops, a, cross-
Okubo, Shinjuku-ku, Tokyo 160, Japan sectional views, b and XRD patterns, c for

the typical four samples, A, B, C and 0,
Perpendicular magnetic recording method with various compositions. Their composi-

is suitable for a high density data storage. tions are shown in Fig. 1. As shown in Fig.
The authors have attempted to prepare per- 3 b, the cross-sectional views of the films
pendicular magnetic recording media by an change from fine grainy condition to clear
electroless plating method and have deve- columnar structure with a rise in Co content
loped electroless CoNiReP films with excel- in deposits. The cross-sectional view of
lent characteristics.

1- 4 
The magnetic prop- sample B, which shows the highest Ku value,

erties of these films are able to be con- does not show a clear columnar structure.
trolled by the plating bath factors,2 under- From the results of XRD analysis, the crys-
layers,

3 
catalyzing process

4 
and so on. In tallinity of hcp Co raised upon increasing

those papers, relationships between the in Co content up to ca. 40 at.%. However,
magnetic properties and the microstructure the Ku value decreased abruptly over ca. 40
were studied. However, the origin of the at.%. From the results shown in Figs. 3 b
anisotropy has not been discussed yet. Thus and c, it is clear that there are no rela-
magnetic and structural properties of the tionships between the columnar structure in
electroless CoNiReP films with various com- the cross-sectional morphorogy and the crys-
positions were investigated to clarify the tallographic properties, such as c-axis
origin of the perpendicular magnetic orientation and/or cryst llinity of hcp Co.
anisotropy. Among these four samples, the highest

crystallinity is observed for sample C.
The CoNiReP films were electroless- However, the Ku value for sample C becomes

plated on Cu substrate. The plating bath negative (see Fig. 2 b). On the contrary,
composition is shown in Table 1. The film sample B with lower crystallinity shows the
composition was varied by changing the CoSO 4  highest positive Ku value. The high Ms
zonczntiarin in _t , , d ,.- A t,- value of the former film (see Fi3. 2 a) is
mined by an inductively coupled argon plasma considered to enhance the demagnetizing
emission spectrophotometer (ICP). Magnetic field, and thus the Overall anisotropy be-
properties were measured with a vibrating comes directed to in-plane direction.
sample magnetometer (VSM) and a torque mag-
netometer (TM). Structural properties were It is concluded that the perpendicular
investigated with a scanning electron micro- magnetic anisotropy of electroless plated
scopy (SEM) and an X-ray diffractometer CoNiReP films is mainly caused by the mag-
(XRD) with Fe target. netocrystalline anisotropy of Co hcp crystal

Figure 1 shows the effect of CoSO 4  and that the smaller demagnetization due to
concentration on the film composition. The the smaller Ms value enhances the an-
cobalt content in deposits increases with an isotropy, leading the anisotropy to perpen-
increase in CoSO4 concentration in the bath. dicular direction.
On the contrary, the contents of nickel and

phosphorus decrease with an increase in References:
CoSO 4 concentration. The rhenium content 1) I.Koiwa, H.Matsubara, T.Osaka, Y.Yamazaki
slightly decreases with an increase in CoSO 4  and T.Namikawa, J. Electrochem. Soc., '33,
concentration. From these results, it is 685 (1986).
clear that film composition of the electro- 2) T.Osaka, I.Koiwa, M.Toda, T.Sakuma,
less CoNiReP films is able to be varied Y.Yamazaki, T.Namikawa and F.Goto, IEEE
widely by changing the CoSO 4 concentration Trans. Magn., MAG-22, 1149 (1986).
in the bath. 3) H.Matsubara, M.Toda, T.Sakuma, T.Homma,

Figure 2 shows the effect of Co content T.Osaka, Y.Yamazaki and T.Namikawa, Proc. of
in deposits on the values of saturation 172nd Meeting of the Electrochem. Soc.
magnetization, Ms, and uniaxial anisotropy (1980) in press.
energy, Ku. In Fig. 2 a, Ms value increases 4) T.Osaka, H.Matsubara, T.Sakuma, T.Homma,
with an increase in Co content in deposits. S.Yokoyama, Y.Yamazaki and T.Namikawa, J.
On the other hand, Ku value, shown in Fig. 2 Maq. Soc. Jpn. (1968) in press.
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Table 1 Basic bath composition for

CoNiReP thin films. 600 a)

Ch- mica I, nSl 5 r

OsIPO, 1,f) 0 20 o m-' 400
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Fig. I Effect of CoSO 4 concentration Fig. 2 Effect of the cobalt content on

on the film composition. Ms, a and Ku, b values of the films.
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MEOW[.,&'=&ago
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Fig. 3 MN-loops a, Cross-sectional views b, and XRD patterns c
for the 2pm thick CoNiReP films.
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Abstract No. 341

ELECTROOEPQSITION OF NI-co ALLOYS
The presence of internal stress in the

deposits during the Ni-Co

HUA-SOU TONG electrodeposition process was detected.

An organic type stress reliever was added
ZENITH ELECTRONICS CORPORATION

to minimize this effect. However, the

MELROSE PARK, IL 60160 deposit exhibited thermal embrittlement

behavior after being aged at 500
0
C for

Electrodeposition technique has been 1/2 hr.. This behavior was found to be

widely used in consumer electronics attributed to the much faster diffusion

rate of sulfur in the deposits at an
industries becuase its relatively easy

elevated temperature, and subsequent
processing and cost effectiveness. In

this presentation, electrodeposition of formation of Ni 3 S2 at the grain

Ni-Co and Ni-Co-Mn alloys was boundaries of Ni-Co deposits.

investigated. In an effort to develop a
To overcome this embrittlement behavior, a

new stamper- for Videodisc (trade name of
third element, Mn, was introduced to the

RCA) disc pressing, electrodeposition of
Ni-Co deposits. With approximately 15 g/l

Ni-Co alloys from a sulfamate bath was
Mn added in the electrolyte, Ni-Co-Mn

explored to develop a stamp with superior deposits showed a completely ductile
scratch resistance. The effect of the fracture characteristics after being aging
solution Ni/Co ratios and the current

at. 500
0
C for 1/2 hr.

densities applied on the composition,

hardness, and microstructure of the

deposits was studied. Results indicated

that, while increasing the Co content

increases the hardness of the Ni-Co

deposit in general, a drastic increase

in hardness is evident with the deposit

containing higher than 5% of Co. Changes

in microstructure from a columar to a

laminar structure was also observed

correspondingly.
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ELECTRODEPOSITION AND CHARACTERIZATION OF The multilayers were also found to develop increased texture
MULTILAYERED Cu-Ni ULTRASTRUCTURES as they are deposited. The outer half of the electrodeposited

region was totally textured with [100] direction normal to the
S. Menezes and D. Anderson foil plane. The texture was much weaker for the I pm-thick-

Ni basal layer deposited on a polycrystalline Inconel
Rockwell International Science Center substrate.

Thousand Oaks, CA 91360
Criteria for deposition of bimetallic MU from a single

Unusual and enhanced material properties can be electrolyte include a mutually soluble electrolyte and a
obtained by artificially tailoring materials at atomic or significant difference in the deposition and dissolution
molecular levels with periodic one-dimensional composition potentials. A method is thus limited to a few bimetallic
modulation (1,2). Composition modulated materials or pairs. The thin layer cell was designed to circumvent these
multilayered ultrastructures (MU) have been artificially limitations. The cell permits electrodeposition of two or
fabricated by vapor, spotter and electrodeposition methods, more metals from different electrolyte baths. It provides an
Tensile strength enhancements have been observed for vapor ultrathin (< 100 urn) liquid layer for deposition and a pumping/
or electrodeposited bimetallic MU, as the layer thickness was switching system for delivery of solution to the cell. This
decreased to- 0.1 in (3,4). Anomalous effects, which include cell is specifically tailored to the fabrication of discrete
a maximum at a wavelength of - 20A for several mechanical ultrathin layered structures since: (1) it allows precise control
properties of vapor deposited MU, were seen (1,2,5). Since over the number of atoms deposited; (2) it eliminater compli-
electrodeposition allows fabrication of relatively thick foils cated mass transport effects by providing immediate access
with discrete, epitaxial layers, a previously reported method to the electrode surface; (3) it assures layer purity and uni-
of MU deposition from a single electrolyte (4 ) has been form nucleation (current distribution); and (4) it may be used
modified and extended to fabricate MU with layers of the with imcompatible bimetallic pairs. Preliminary results
order of a few angstroms. For electrodeposition of two or obtained with this cell indicate formation of ultrasmooth and
more metals from different, incompatible baths a new coherent deposits. Enhanced tensile strengths have been
method, based on a thin-layer flow cell, has been developed, observed even for pure Ni, when deposited in a layered con-

figuration, as compared to a continuously deposited
Cu-Ni MU foils, with total thicknesses between 25-50 am homogeneous Ni foil.

and a configuration of 10% Cu-90% Ni, were electrodeposited
from a single electrolyte, containing 72-80 g/I Ni, 37-40 g/l References
boric acid, 0.15 g/l SNAP (sodium dodecyl sulfate) and
4-13 mM Cu. The method involves alternate deposition of Cu I. Modulated Structures, AIP Conference Proceedings, Ed.,
and Ni by synchronous modulation of solution mass transport .M. Cowley, J.B. Cohen, M.B. Salamon and B.3.
rate and the deposition current (or potential), at an Inconel Wuensch, American Institute of Physics, N.Y.,(1979).
rotating cylinder cathode from a common electrolyte. The
electrode rotation rate, current density, periodicity and 2. Modulated Structure Materials, NNTO A51 Series %3, Ed.,
atomic percent of the two metals were varied with computer T. Tsakalakos, Martinus Nijhoff, Dordrecht, Netherlands
control. The catholyte was separated from the anolyte by a (1985).
fritted, concentric inner compartment. A saturated calomel
electrode was used as a reference. The plating bath was 3. R.F. Bunshah, R. Nimmagadda and H. J. Doerr, Thin
maintained at 50°C. Solid Films 72, 261 (1980).

Mechanical properties of MU are extremely structure 4. D. Tench and 3. White, Metallurgical Transactions A
sensitive, particularly when the layer thickness is reduced to I5A, 2039 (1984).
the order of a few angstroms. In order to obtain smooth
deposits with uniform, ultrathin layers and reduced lattice 5. D. Baral, J.B. Ketterson and J.E. Hilliard, 3. Appl. Phys.
defects and dislocations, the effects of plating parameters on 57, 1076 (1985).
structural and mechanical properties were investigated. The
deposit properties were considerably improved by eliminating
Cu from the basal layer, limiting the Cu concentration to
7-8 mM during MU deposition and introducing a delay time
between deposition pulses.

2000 II
Tensile properties were measured with a specially

designed sample holder attached to an Instron machine. The
specimens were pulled to failure. The data are plotted in .10%C- 90% N
Fig. I along with that obtained for pure Cu and Ni foils plated . 1500
without pulsing under the same conditions. The tensile 1

strength exhibits a maximum at a nominal Cu layer thickness o
of 20a (180-thick Ni layer). The maximum strength is 3 and
4.3 times greater than that for homogeneous Ni and Cu foils,
respectively, deposited continuously without pulsing. This i 1000-
curve is in excellent agreement with previous results on
electrodeposited 10% Cu-90% Ni foils with thicker layers
(> 0.1 wm Cu, > 0.9 wm Ni) (4), thus extending the results into N

the angstrom regime.
500

The MU foils were characterized with SEM, TEM and I I
x-ray diffraction. Cu and Ni layer formation was discernible o 5o 100 150 200
with SEM and TEM for relatively thick layered foils (> OA).
These methods do not allow satisfactory resolution of few Cu LAYER THICKNESS, A
angstrom thick layers. X-ray diffraction was used to examine
ultrathin-layered foils. The diffraction peaks evidence a Fig. I Plot of ultimate tensile strength vs Cu layer
strong (100) texture and coherence along a direction norma
to the deposition front. Satellite peaks flanking the (200) thickness for 10% Cu-90% Ni MU and for hooge-
x-ray diffraction peaks were seen for a 9A Cu-80A Ni multi- neous Cu and Ni foils, electrodeposited under
layered foil. The satellite peaks provide direct evidence for similar conditions.
the presence of a superlattice within the layered material.
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KLECTRODPOSITION OF Ni/SiC COWPOSITE COATING is an important step in the embedding process. How-
ever, the shape of n/I curves depends also of the

A. LAVANANT, G. MAURIN hydrodynamic conditions. At high 2, a decreases with
LP15 du CNRS "Physique des Liquides et Eleetrochimie" I, indicating that the discharge of adsorbed cations

TPur do CNR 'Ph e d c L uie eis slower than the discharge of solvated cations Ni
++ .

Tour 22 - 4 place SussiCE Gugliemi (4) found a positive slope of the a/I curve
but the conditions of agitation of the bath were

certainly different. At low rotation speeds, a is
Composite Ni-non conducting particles electro- very small at low current densities and increases

deposits are known for several years (1,2,3). In progressively.
particular, Ni-SiC layers present a good resistance
against wear and are, still now, used in the car All these results put on evidence that the surface
industry to coat the internal surface of cylinders concentration of particles before the incorporation
of aluminium engine blocks. However, the mechanism of process is governed more by the antagonist hydro-
the simultaneous deposition of metallic ions and dynamical effects tivan by a loose Langmuir's
ceramic particles is not well understood. It is gene- adsorption.
rally admitted that particles are positively charged
by adsorbed Ni

44 
cations, and, according to Gugliemi References

(4), they undergo a double step adsorption at the
cathode surface. It is experimentally known that a (1) D.K. Ramanauskene, E.S. Nikailene and Y.Y. Matulis
vigorous stirring of the electrolyte is necessary to Proceedings of 10th Lithuanian Conference of
ensure the incorporation of particles in the metallic Electrochemists, Vilnius 1968, English transla-
matrix. tion p.

34
.

(2) E.C. Kedward and B. Kiernan
The aim of this study is to identify and inter- Metal Finishing 1967, p.116.

pret some specific effects of various parameters onto (3) S. Rashkov and N. Atanassov
the rate of incorporation of particles in the deposit. J. Appl. Electrochem. 1980, p.535.
A special attention was paid to hydrodynamical condi- (4) N. Gugliemi
tions. The cathode is a rotating disc. The electrolyte J. Electrochem. Soc., 119, 1972, p.

100 9
.

circulates vertically in a cylindrical cell under the (5) V.G. Levich
effect of an external pump. The velocity of the fluid "Physicochemical Hydrodynamics"
is set to be just sufficient to maintain the parti- Prentice Hall, N.J., 1962.
cles in suspension and to minimize the turbulences, (6) M. Froment and 0. Maurin
in such a way that the convection phenomena bringing J. icrosc. Spectrosc. Electron. 1987, p.

3 79
.

the particles at the cathodic interface are mainly
due to the rotation of the disc electrode. The elec- Acknowledgments
trolyte is a conventional sulfamate bath (pH=

4
.5 ;

= 50*C) containing 10 to 100 g/l of SiC particles This study was partially supported by the P.S.A.
(mean diameter = 4im). company (Peugeot-Citroin Automobiles).

On Fig.1 are presented the variations of the mean
concentration a of SiC in the deposit versus 2. Two
regimes are clearly visible.
- At low rotation rates a increases with Q ; that is
to say, with the normal velocity v. of the fluid near
the surface. According to the theory of the rotating
disc electrode, in first approximation v = Q3/2 (5).
At 5 - 0, v. = 0 and a is very small. This result
illustrates the fact that migration and adsorption
effects are weak in front of convection effects.
According to electrochemical impedance measurements,
the double layer capacitance of the cathodic inter-
face is not significantly affected by the presence of
the particles, whatever the rotation rate and the
current density are. Fiber textures of nickel electro-
deposits are also known to be sensitive to adsorption
phenomena (6). However, addition of SiC have a little
effect on the axis of preferred orientation (<110> at
low CD, <lO0>at high CD).
- At high rotation rates, a decreases with S. This
can be attributed to the fact that the mean residence
time tr of particle in the vicinity of the electrode
varies as Q-I. The centrifugal ejection of particles
by the Stockes'forces varies as r5 contribute also to
decrease a. Effectively, the local concentration,
measured along a radius by X rays energy dispersive
analysis, diminishes versus r when Q increases (Fig.2).
For the same reason, only small particles are embedded
far from the center. For example, on the T.E.. micro-
graph (Pig.3) it can be observed, as a black area, a
small particle included inside a nickel grain charac-
teristic of the <100> texture.

On Fig.4 are plotted experimental curves a vs the
current density for various rotation speeds. The in-
corporation rate of the particles is clearly potential
dependent according the previous hypothesis. The
discharge of cations adsorbed on the particles surface
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Abstract N-. 344

INVESTIGATION OF DENDRITIC GROWTH OF TELLURIUM On the diffusion plateau, the duration of deposi-

ELECTRODEPOSITS BY ELECTROHYDRODYNAMICAL tion is another important parameter : for EHD impedan-

IMPEDANCE ANALYSIS ces, whereas LF regime remains always identical, the
HF regime changes slowly from a uniformly accessible

C. DESLOUIS, C. MAURIN, B. TRIBOLLET response (t < 15 mn) to a po-tially blocked surface
response (t > 20 mn) (Fig. 3). According to Eq. I, the

LP 15 du CNRS "Physiq.,e des Liquides et Electrochimie", dimensions of active zones are 15 pm (25 mn), 170 pm

Universit6 P. & M. Curie, tour 22, 4 place Jussieu, (40 mn), 500 am (2h 30 mn). That corresponds to the
75252 PARIS Ckdex 05, FRANCE. evolution of the morphology from small bushes to large

cauliflower-structures separated by deep valleys
(Fig. 4).

Dendritic electrodeposits are generally obtained
in the case of a fast interfacial kinetics and a limi- This study illustrates the interest of EHD impe-
tation of the growth rate by convective diffusion in dance technique to perform a in-situ detection of the
the electrolyte. The radial current distribution outgrowth during electrodeposition and to provide an
around the tips of crystals tends to promote their average characteristic dimension of the space distribu-
growth in the vertical direction (1,2). The aim of this tion. The results presented here thoroughly differ from
work is to attempt 3 correlation between morphological that one obtained previously with CdTe electrodeposi-
feature of tellurium electrodeposits, as observed by tion. In this last case, a strong surface inhibition
SEM, and kinetic informations provided by EHD impedance ;,inders dendritic formation and the EHD impedances are
measurements. therefore characteristic of a uniformly accessible

surface (8).

This technique consists in the frequency analysis
of the current response oI to a sinusoidal modulation
K. of the rotation speed of the sisc e'ectrode (3). References
According to recent theoretical calculations, EHD impe-
dances are sensitive to the non uniform character of (1) N. IBL
the reactivity of an electrode. At low frequencies, the Oberfldsche SurfacL lb, n 2, p. 23 (1975).
EHD response is identical to that oT a uniform surface
whereas at high frequencies, it is similar to the res- (2) A.R. DESPIC, K.I. POPOV
ponse of an isolated site. The frequency lag between in "Modern Aspects of Electrochemistr)", Ed. Plenum
the two regimes is linked to the average dimensions of Press, n' 7, p. 199 (1972).
the active sites (4).

(3) B. TRIBOLLET, J. NEWMANN
Tellurium was potentiostatically deposited on a J. of Electrochem. Sor., 130, 2016 (1983).

(Ti or Ni) rot .ing disc electrode from an aqueous 3
solution of 0.2 M K2SO4 saturated with TeO2 (c < 10 (4) A. CAPRANI, C. DESLOUIS, S. ROBIN, B. TRIBOLLET
M/NI and maintained at 85'C. These conditions are simi- J. Electroanal. Chem. (to be published).
lar to that one used for CdTe electrodeposition (5).
The mechanical and electronic set up were described in (5) M. FROMENT, G. MAURIN
detail in (6). Steady state I/V curves exhibit a pla- Invited lecture, 31st IUPAC Meeting, Sofia (1987).
teau current between about - 0.7 and - 1 V/SSC corres- Proceedings p. 76.
ponding to the limitation by diffusion, followed by a
fast curreLt rise related with hydrogen evolution and (6) C. DESLOUIS, C. GABRIELLI. B. TRIBOLLET
tte development of large fern-like dendrites. 168th Electrochem. Soc. Meeting, New Orleans,

Oct. 1984.
The effects of various parameters -potential,

mean rotation rate Q. p.1, hcld time t- on both morpho- (7) C. DESLOUIS, G. MAURIN, N. PEBERE, B. TRIBOLLET
logy and EHO responses were investigated (7). For J. Applied Electrochem. (to be published).
example, Fig. 1 and 2 illustrate the effect of : for
fixed varues of potential (- 0.7 V/SSC) and hold time (8) C. DESLOUIS, G. MAURIN, D. POTTIER, B. TRIBOLLET
(25'). At high ( = 600, 900, 1200 rpm) all f

4
e data 38th ISE Meeting, Maastricht, Sept. 1987.

plotted in Bode coordinates (phase , and normalized
modulus versus the dimensionless frequency p = w/ )
fall on a single curve (corresponding to the theoreti-
cal response (dashed line) of a uniform surface for a
fitted Schmidt number of 125. In this velocity range,
there is a mixed contro' of the o.2rall kinetics, and
the deposit is made of a dense packing of tiny crystals
(Fig. 2a. For low rotation rate (. = 60, 120 rpm) the
curent is totally limited by mass transport. The sur-
face is covered by microdendrites gathered in bushes
(Fig. 2b). The EHD impedances exhibit a marked transi-
tion between the IF and the HF regimes, typical of a
partially blocked surface, as predicted above. From the
measured frequencies Pd and PC characteris.ic of the
two regimes the site dimension d is given by

d = 2.13/2 R ( p d
/  / 

<P>

where R is the radius of the disc electrode.

The value obtained (, 40 em) corresponds to the
size of the bushes and not to that one of the indivi-
dual microdendrites.The transition between the mixed
control and the purely diffusional control, and its
consequence on morphology and END responses was also
obtaired, at a constant .. , ty changing the potential.
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Abstract No. 345

MECHANICAL PROPERTIIS AND MICRO STRUCTURES significant difference was detected between
OF ELECTROLES COPPER DEPOSITS samples having different reliability level.

Haruo Akahoshi and Kanji Murakami IMPURITY ANALYSIS --- Inclusion of hydrogen,
Hitachi Research Laboratory, Hitachi, Ltd. nitrogen, oxygen, and carbon in the plated

4026 Kuji-cho, Hitachi-shi copper were quantitatively analyzed.(3,61
Ibaraki-ken, 319-12 Japan Hydrogen content ranged from 5 to 50 ppm.

Oxygen content was several times larger than

INTRODUCTION hydrogen, while nitrogen and carbon contents

Through hole plating technology is an were at almost the same level as hydrogen.
important step in manufacturing of These impurity contents were about ten ti-,,es
multilayer printed wiring boards. Attaining larger than those found in pyrophosphate
uniformity and good quality of the deposits electroplated copper. But no clear
is critical. Recent trends in high density relationship between impurity contents and
packaging require increased numbers of reliability was observed.
circuit layers and reduced through hole
diameters for multilayer boards. Thus, the MICROSTRUCTURE,MORPHOLOGY and TEXTURE ---

aspect ratio of the through hole is very high Microstructures of the electroless copper
and it is difficult to obtain a uniform crystal were examined by X-ray diffraction.
thickness in such a narrow hole by Orientation of the 220 lattice was observed
conventional electrolytic plating methods. An 1,21. Crystallite size, calculated from full
electroless copper plating technique has an width of half maximum intensity of the
advantage of uniform thickness of the diffraction line was in the range of 800 to
deposits. However, in order to ensure high 1200A. But no significant relationship with
reliability of continuity, even in such a reliability of the through hole was detected
high aspect ratio through hole, the plated from X-ray diffraction data. Pyramidal
copper has to withstand fatigue damage from surface morphlogies were observed by scanning
thermal stress cycles. For simplicity, it has electron microscope(SEM) on every sample.
been considered that ductility, or tensile Cross-sectional texture of the deposits

strength of the copper deposit is of primary was also observed by SEM. No voids or defects
importance in determining reliability of the were observed for normal etching conditions

plated through hole. The purpose of this in any sample. However, after rapid deep
study was to investigate the relationship etching to about a 2um depth, etch-pits were
between the through hole reliability and detected on the cross-section of plated

properties of electroless copper deposits in through hole with low reliability. The number

more detail. of etch-pits in same sized cross-sectional
area showed an inverse relationship with the

EXPERIMENTS through hole reliability. Results of this
A high temperature type EDTA bath study, etch-pits indicated the existence of

containing 2,2'-bipyridyl was employed for micro-defects which related fatigue breakdown
through hole metalization. Plating conditions of the plated copper through hole. Residual
(temperature, pl1 and concentration of the latti..e strain, defects or uneven
major components) were varied under a fixed distribution of the impurity at the crystal
basic composition. A 5.2mm thick glass-epoxy grain boundary were expected to promote the
copper clad laminate, with drilled holes, was local etching rate and cause etch-pits on a
used as substrate. Average thickness of the cross-section.
plated through hole was 40 um. The Small hydrogen bubble voids[4-6| are
reliability of the plated through hole considered to reduce the ductility of the
continuity was evaluated as the number of the electroless deposits. However, in this case,
breakdown cycle in thermal shock cycle tests, there was no relationship between the etch-
according to MIL-STD-202,M107,condition B. pit formation and hydrogen content of the
Breakdown of the plated through hole was copper deposits. The existence of micro
detected by observation of cracks on the defects, which was detected by deep etching
cross-section of the through hole copper, of tile cross-section, did not affect physical
after the thermal shock cycle tests. The properties examined in this study, but had a
through hole reliability was ranged from 40 large inflence on resistance to fatigue
to over 200 cycles, under the examined damage of plated through holes caused by
conditions. Physical properties of the thermal stress cycles.
electroless copper deposit were examined
using copper foils deposited on stainless REFERENCES
steel substrates with through hole plating
done under the various conditions. [1] H.Akahoshi. K.Murakami and M.Wajima

Extended Abstract No.446, 166th ECS meeting,
RESULTS (1984)
MEtCHANICAL PRPRTIES---Ductility and tensile [21 H.Akahoshi, K.Murakami, M.Wajima and
strength were measured by strip tensile tests S.Kawakobo, IEEE Trans. Components, Hybrids,
under various temperatures (-38'C to 180C). and Manufacturing Technology, CRMT-Q,
Ductility of the deposits ranged from 10 to No.2,181 (1986)
30% at 20°C. A rough correlation was observed (3] K.Murakami, i.Akahoshi, M.Wajima and
between ductility and reliability of the MKawamoto, Proceedings of 68th Tech. Meet.
plated through hole. However the breakdown of the Metal Finishing Society of Japan, B-12
occurred from 40 to over 100 cycles at the (1983)
srirno duct i Ii (y level. This indicated that [4] Y.Okinaka and S.Nakahara, J.Electrochem.
there were other factors affecting through Soc.,12',475 (1976)
hole .elinhility. Tensile strength showed nol [5] S.Nakahara anl Y.Okinaka, Acta Metall.,

t-rrelation wilt reliability. 71,713 (1983)
Fat igne flex tests were also calrid out [6] Y.Okinaka iand H.K.Straschi l

atl Io I toperatie will) 13,' beliding, 1 l hut to .IElect rochemiSoc .. 13 ,2608 (198())
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I HE EFFECT OF ADDITIVES ON THE MORPHOLOGY OF

ELECTROLESS COPPER DEPOSITS

Haewei H. Wan and Jhy-Yeong Gau

Materials Research Laboratories

Industrial Technology Research Institute
Chutung, Hsinchu, Taiwan 31015, R.O.C.

Electroless copper plating is a crucial step of pla-

ted-through-hole (PTH) process in the manufacturing of

printed circuit boards (PCBs). In the late 1950s conven-

tional electroless copper systems for subtractive PCBs

were developed. By 1970s an important advance came

with the development of high speed electroless copper.

This process eliminated an electrolytic flash. In the ear-

ly 1980s the demand of surface-mounted devices has

been increased significantly, As a result, the trend of

printed circuit manufacturing is toward progressively

finer lines, smaller holes as well as higher speed. The

fully additive process undoubtedly provides an excellent

alternative to overcome the limitation of conventional

boards. The circuit pattern is then produced by a full Fig. I SEM photo of electroless copper deposit from

build of electroless rather than electroplating bath. In bath with 100 mg glycine

the past two decades, a lot of efforts were devoted to

the enhincement of plating rate of electroless copper

(1-4). A number of studies have been focused on the

mechanical properties of electroless copper (5-7). How-

ever, as far as the stability, plating rate and quality of

deposits are concerned, the existing processes are far

from perfect. More intensive research should, therefore,

be conducted in the future.

In this invest!gation, a systematic approach is per-

formed to ell ,idate the effect of additives on the mor-

phology ot electroless copper deposits. The plating bath

contained copper sulfate, sodium hydroxide, formaldehyde

and a stabilizer. Different kinds of additives such as tar-

trate, EDTP, CDTA, pyridine, glycine and coumarin were

chosen to investigate rate enhancement effect. The mor-

phology of copper deposits were studied by a scanning

electron microscope (SEM). Typical examples are inus-

trated in Figs. I and 2. The surface composition of the

electroless copper were analyzed by scanning Auger

micrograph (SAM), The spectra is shown in Fig. 3.

Mechanical properties measurements are carrying out
to further clarify the relationship among deposit quality,
morphology zs well as quantity of additives.

Fig. 2 SEM photo of electroless copper deposit frim

References: bath with 3 mg piridine

(I) M. Paunovic, J. Electrochen. Soc. 124, 349 (1977)

(2) F. J. Nuzzi, Plat. Sur. Fin. I, 51 (1983)

(3) NI. Paunovic and R. Arndt, J. Electrochem. Soc.l

130 794 (1983)

(4) D. Vitkavage and M. Paunovic, Plat. Sur. Fin. 4,

48 (1983)

(5) M. Paanitvic and R. Zeblisky, ibid., 2, 52 (1985) "
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Abstract No. 347

Properties of Electrodeposited Coppiser from the tensile strength (KPSI) and % elongation (%E) of the
Pattern Recognition Analysis of Cyclic specimen. Class I defines poor properties of %E < 12.5 and

Voltammetric Stripping Curves KPSI < 40 and Class 2 defines the passing properties of
%E > 12.5 and KPSI ) 40. Note that the performance is

M. Kendig and D. Anderson defined as demonstrated here in terms of both KPSI and %E.
Rockwell International Science Center Description of bath behavior usually focuses on either %E or

Thousand Oaks, CA 91360 KPSI, but not both. This does not need to be the case when
one uses pattern recognition algorithms.

BUsing labeled data, i.e., sets of in-process features
(R-ratio, I r 1 ), with known KPSI and %E responses, and

Often a direct measurement of the properties of a co- definitionx of M ranges of KPSI and %E for each class,
plex mixture or performance of a complex process is impos- the means wii and standard deviations, a for each i
sible or impractical. This is the case for monitoring in real in-process feature distinguishes behavior between the differ-
time the strength of electrodeposited copper from production ent classes and can be assessed from a two-dimensional pro-
baths. It is impossible to measure the tensile strength and jection of the hyper-volume of the feature space defined by
the % elongation for a bath continuously since these values the range of standard deviations about the mean. From the
can be obtained only from time-consuming mechanical test- "training set" of labeled data, a new set of unlabeled data
ing. However, previous research at the Science Centeri comprising the in-process features defining coordinates for a
demonstrated that the rapid electroanalytical procedure of point p in feature space can be classified by first determining
cyclic voltammetric stripping (CVS), which directly measures the normalized distances, d, of the point, p, in feature space
electrokinetic properties of the plating bath, relates from each class j:
indirectly to the mechanical properties of the electro-
deposited product. Features in the CVS curves correlate with d

2  t(w - 2 2
bath impurities which degrade deposit properties.

2  
d p( in

where p is the coordinates of the new data set in featureThe goal of pattern recognition is to classify an object on space. Clearly, the new data, p, is placed in the class j which
the basis of indirect measurements.

3 
The general approach minimizes d. Given sufficient labeled data to cover all

has been applied recently to electrochemical problems.c's In possible clases of interest, this approach can classify any
the case of plating bath monitoring and analysis, the objec- new, unlabeled in-process data obtained directly from a bath
live is to classify the bath performance, as defined by and, therefore, defines a discriminant function. This method
mechanical properties of the electrodeposit, from electro- has been used previously at the Science Center for perform-
chemical kinetic parameters obtained from the CVS wave- ing pattern recognition on acoustic emission signals.

6

form. Given a sufficiently large number of data sets (CVS
parameters), pattern recognition can be used to develop a Results
discriminant in terms of the CVS parameters which categor-
izes the bath as being tither acceptable or unacceptable with Table I shows the data (labeling features and in-process
regard to predicted electrodeposit properties. Clustering features) collected for a number of Cu pyrophosphate plating
methods of pattern recognition can determine the natural baths. Figure 2 shows the separation of the two classes, using
grouping of objects (a set of CVS parameters), thereby two-dimensional plots defining one standard deviation of
enabling a clearer understanding of how the indirectly R-ratio and I (Fig. 2a) or R-ratio and I (Fig. 2b) for the
measured set of parameters relate to the desired mechanical two classes. oK can be seen, a low R-ra • (R < 1) and high
properties. The general approach of pattern recognition is, I . above 250 wA places the bath in Class 1, the unacceptable
therefore, well suited for developing control criteria or class, while a low I and R ratio between I and 1.2 centers
discriminants for plating baths based on the electrochemical the behavior within Te acceptable class, Class 2.
measurements.

Clustering has also been performed on the plating bath
Relationship of CVS to Deposit Properties Using Pattern data to determine the natural groupings that the plating bath
Recognition analyses fall into. To do this, the density of events in the

space of in-process features is determined from normalized
Figure I shows CVS waveforms for a Cu bath before and distances between each point. In other words, the number of

after different treatments. The total charge producing the runs which are similar to many others are determined. While
large positive current peak between -0.25 to 0 V represents the statistical significance of this information increases with
the anodic stripping of the copper. The R-ratio, the ratio of the number of data sets obtained, we performed clustering
the stripping charge under electrode rotation to that under analysis for the 24 sets of features listed in Table I. Using a
static co.Jitions, relates to the concentration of a necessary cluster volume of radius 0.75 normalized units in the
bath additive, dimercaptothiadiazole. The current shoulder parameter space, three clusters as defined by the parameters
of magnitude I s or oxr for static and rotating conditions in Table 2 were obtained.
respectively, oserved near 1.0 V results from the oxidation
of an impurity that builds up in the plating bath. It was found The natural clusters which are observed provide a great
that the species giving rise to I may only be removed by deal of information about the underlying processes. For
inert anode dummying, but not by carbon and peroxide example, a high quantity of contaminant as measured by high
treating (Fig. I). oxr and I appears in Cluster 2, which exhibits a relatively

low value 00YR (Table 2). This suggests that the high I xr and
To demonstrate the applicability of pattern recognition I are associated with depletion of the additive an could

methodology to plating bath control, the features from CVS tMefore be a breakdown product. As stated previouslk,
waveforms were recorded along with tensile strength (KPSI) three types of baths in this study included two productiL.n
and % elongation (%E) determined from foils generated on a baths, A and B, and a standard bath, S, made up in the
rotating cylinder electrode (RCE). Two production baths (A laboratory to contain controlled quantities of addiives. The
and B) and a laboratory-generated bath (S) were analyzed. A distribution of the resulting analyses for these three baths
classification algorithm uses the nondestructive, in-process appear in Table 3. As can be seen, none of the laboratoy-
bath parameters of (I) R-ratio, (2)] , and (3) l to predict produced baths fell into Cluster 2 corresponding to a loi R
the resulting strength of the electrRoeposit. ratio and high oxr and loss since a certain amount of aging in

actual production must occur to produce the high I . Of the
Each plating bath analysis is considered as an event des- three analyses froni production bath B, two couIAd not be

cribed by the two labeling features (KPSI and %E) and the classified and a third was classified isith the high lox loi R
three in-process features (R-ratio, loxr , 

1 
x) Each plating ratio (Cluster 2, Table 2).

bath analysis is labeled as being a member of one of two
classes based on post-plating destructive measurements of

10



Table 2
Summary Cluster Analysis

This work demonstrates a method for rapidly developing Number
criteria, from an indirect but easily made measurement on a Nube
complicated mixture such as an electroplating bath, for Cluster in lo
controlling the performance of the process. A discriminant No. Cluster R

based on features from the indirect measurement can provide 1 12 1.02 ± 0.14 140 ± 41 110 ± 25
criteria for controlling the bath. For example, Figs. 2a-b 2 6 0.89 ± 0.12 545 ± 104 290 ± 45
show the limits needed on observed voltammetric parameters 3 3 1.25 ± 0.10 210 ± 71 110 ± 15
to assure electrodeposits of sufficient strength. In addition,
cluster analysis classifies data into naturally occurring cate- "Electrode area 0.45 cm'.
gories that lead to further insights into the interrelationship

of process parameters and bath performance. Table 3

References Distribution of Bath Properties

I. D. Tench, C. Ogden, 3. Electrochem. Soc., 125, 194 Number in Number in Number in Number in
(1978). Bath No Cluster Cluster I Cluster #2 Cluster #3

2. B. Lowry, C. Ogden, D. Tench and R. Young, Plating and
Surf. Finishing, 70(9), 70 (1983). S 1 6 0 3

3. P.C. Jurs, Science, 232, 1219 (1986). A 1 5 5 0
4. B.R. Kowalski, C.F. Bender, J. Amer. Chem. Soc., 94, B 2 0 '

5632 (1972).
5. A. Byers, B. Fessler and S. Perone, Analy. Chem. 55, 620

(1983).
6. L.J. Graham and R.K. Elsley. J. Acoustic Emission, 2, 47

(1983).
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Table IAS. EoaVD,

Results of Plating Bath Analyses

%E KPSI R 0Vs 0°"oi i o

11.2 41.5 0.8 405 263
1.0 65.2 0.8 68 68 o,. -,o.

11.3 35.8 0.9 545 290
6.9 57.7 0.8 115 98 Fig. I Cyclic voltammograms for a copper pyrophosphate
6.4 47.6 0.8 85 80 bath, as-received and after different treatments.

11.6 40.9 0.8 104 87 Electrode area 0.46 cm
2.

I.i. 56.7 0.9 95 77
16.7 44.1 1.0 425 222 , . . .
7.4 54.6 1.0 104 93
7.1 42.6 1.0 120 90
6.1 38.7 1.0 455 270
6.1 44.1 1.0 140 O10
7.0 53.3 1.0 475 270

16.4 38.2 1.0 92 86
8.1 41.5 1.1 I50 96

16.4 38.2 1.2 100 87
4.9 75.6 1.2 535 297

25.4 46.8 1.2 134 96
3.4 66.3 1.3 210 110
6.3 41.7 1.3 132 92
5.9 88.5 1.4 147 93
9.4 61.8 1.1 635 353

11.3 63.5 0.9 640 540
17.5 32.1 0.8 845 390

,,4 4

*Electrode area 0.45 crn
2.

Fig. 2 Set of parameter values (a) R and Ior and (b) R
and I within one standard deviation about the
meanor class I (KPSI < 40, %E < 12.5) and class 2
(KPSI > 40, %E > 12.5). Electrode area = 0.45 cm'.
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MECHANISM OF CARBIDE FORMATION

BY ELECTROCHEMICAL DEPOSITION

D.C. Topor and J.R. Selman
Illinois Institute of Technology

Department of Chemical Engineering
Chicago, Illinois 60616

An electrolytic method to produce materials

for use in corrosive environment at high temperature
is illustrated by the deposition of molybdenum and
molybdenum carbide coatings on steel substrates.

Electroplating bath based upon molten
alkali fluorides as solvent have been employed
successfully with refractory metals and compounds.
High temperature and highly pure reactants are, -,.0 ..5 0 0. .1.0

however, required for deposition of coherent coatings. po-.,

OptimozaLion of the plating procedure is thus neces-
sary for future application and commercialization. Fig. I Cyclic voltammetry of Na2MOOa (2.8xIO

5
mol cm-3)

at Pt in molten FLINAK at 630°C. 20 mV/s vs Pt ORE.
The electrodeposition of molybdenum from

a FLINAK electrolyte with additions of alkali molyb-
dates was investigated using cyclic voltammetric,

chronopotentiometric and potential step methods.
A typical voltammogram (Fig. 1) indicated .1.0

a rather large peak separation specific to an
irreversible deposition of the metal. The low valence
molybdenum intermediate appears to be reduced at
relatively high overpotentials. 0

The chronopotentiogram with current
reversal in Fig. 2, recorded at 71.4 mA/cm

2
, is well

defined and shows two reduction and two oxidation -1.0
waves. The first cathodic wave appears at -0.58 V
and the second at -0.93 V vs. a platinum quasi-refer-
ence electrode. The second wave is smaller than the
first and is not clearly outlined, which makes the 5
determination of its transition time difficult. If
one assumes two consecutive charge transfer reactions t. s
(diffusion contrnlled) at sufficiently different
potentials, the number of electrons involved in each Fig. 2 Chronopotentiogram for the reduction of Na2MoO4
step may be estimated. A preliminary result indicated in molten FLINAK at 630-C. Current density
in this case ni = n2 = 2. 71.4 mA cm

-
.

Potential step data were obtained at rela-
tively high polarization vs. platinum quasi-reference
electrode and for a small range of potentials around
-1.0 V. In the Fig. 3 the current response at a
platinum electrode clearly indicates the presence of
a nucleation process.

Similar data will be presented for molyb-
denum and molybdenum carbide deposition on various
substrates, including the effect of temperature and
other experimental parameters. F: I .,3-

Finally,a possible mechanism will be sug-
gested for the formation and growth of both coatings. "00.: 0.5

t. .

Fig. 3 Nucleation current for Mo electrocrystallization on Ptin molten FLINAK at 635C.
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Current- and Potential-Pulse Plating of Uranium In terms of the ratio of pulse lengths R.t /t and the
From Fused Chlorides time-averaged current <I>, the values of I

a 
and I

c aregiven by

S.L. Marshall and 
D.R. Vissers

Chemical Technology Division 
a

Argonne National Laboratory I
c 

. <I>.q(l+R)/R(l+q)
9700 South Cass Avenue
Argonne, IL 60439-4387 in which all currents are supposed to retain their

signs (negative - cathodic, positive - anodic). The
Introduction remaining variable required for the specification of

the experimental conditions is the cathodic pulse
Existing work on the electrodeposition of U metal from length tc or, equivalently, the amount of material to
fused chlorides [1-31 has noted a strong tendency be deposited during each cathodic pulse. All
toward dendrite formation. Recently 14j, we showed experiments were carried out on Ni coupons in
that dendrite formation may be avoided by application electrolyte 2).
of short potential pulses (cathodic to the U reference
electrode) separated by rest periods at zero As in the controlled-potential experiments, the
potential. deposits were obviously polycrystalline, but the

crystals were of approximately uniform size, and
This paper describes the application of this technique coverage of the immersed section of the coupons was
to the plating of 2U onto metal coupons of area A . complete. Our results using this technique suggest
approximately 6 cm

2
, and some additional results that that uniformity ot coverage is favored by use of q

we have obtained using bipolar current-pulse plating values close to -1. The beneficial effect of such q

151. values can, however, be canceled out by dendrite

formation if the cathodic pulse current density 
t
c -

Experimental It/A becomes too large, and if t
c 

is not shortened to

compensate for the larger currents required. ThiThe two electrolyte systems that were used in this optimal range for i
c appears to e -20 to -40 macm

-

work were as follows: 1) a 20 w/o solution of UC13 n and that for 1 30 to 40 mAcm
- 

, which for R - 2
LiC/C1 eutectic, prepared as des cr ibed in Ref. 4t 2) correspond to values of q between -1.3 and -1.5.
a ternary eutectic mixture of composition UC1 12.0
m/o (.42.4 w/o); KC1 58.5 m/o (-44.8 w/o); LiC1 29.5 Acknowledgement
m/o (=12.8 w/o), prepared by reaction of U metal with
FeC1

2 
dissolved in a molten LiCl-KCl mixture of the This work was supported by the U.S. Department of

appropriate composition. Experiments were carried out Energy under contract Nos. -31-109-Eng-38 and DE-
at 445

0
C with electrolyte 1) and at 510

0
C with ACO5-840R21400.

electrolyte 2). The cathodes consisted of cylindrical

coupons of Ni and Cu which, prior to use, were References
polished to a I um finish.

1. N. Kolodney, J. Electrochem. Soc., 129: 2438 (1982)The pulse-plating signal was applied using a

potentiostat, and a DC power supply was used for 2. G. Boisde, G. Chauvin, H. Coriou and J. Hure,
anodization and nucleation pulses. Potentials are Electrochim. Acta, 4: 54 (1961)

expressed relative to a U reference electrode in the
same solution. Other experimental details are as 3. N. Broc, "Etude de Revetements Metalliques Prepares
described in Ref. 4. par Electrolyse Ignee", French Atomic Energy

Results and Discussion Commission Report CEA-R4291 (1978)

4. S.L. Marshall and D.R. Vissers, Electrochemical
A. Controlled-Potential Pulse-Plating Society 173rd Meeting, Atlanta GA May 15-20 1988,

Extended Abstract No. 280
These experiments were conducted in electrolyte 1),
and involved application of a plating potential of -75 5. U. Cohen, J. Electrochem. Soc., 128: 731 (1981)

mV for 0.1 ms followed by a relaxation period of 1.0

ms at 0 mV.

On Ni coupons, the deposits were Ln all cases
dendrite-free and well-bonded to the substrate. The
uniformity of the deposit increased 2

markedly when a

large nucleation pulse (-706 mAcm for 2s) was

applied before commencement of the potential signal.
The deposits on Cu were also dendrite-free, but tended

to become less uniform when a nucleation pulse was

applied.

Anodization of the Ni coupons prior to the nucleation
pulse resulted in a slight improvement of the quality
of the deposit. In contrast, for Cu coupons the
quality of the deposit was significantly poorer with
preanodization.

B. Controlled-Current Pulse-Plating

This technique involves alternate application of
cathodic current I for time t and anodic current I
for time t, resuling in the removal of a fraction of
the material deposited during the cathodic pulse. The
reciprocal of this fraction is

q - ictc/rat
a

. l • I I III I 1 1 III I I l lI 3
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PROPERTIES OF NICKEL ELECTRODEPOSITED FROM

ORGANIC SOLVENT

V.B.Singh and A.A.Sarabi
Department of Chemistry
Banaras Hindu University
Varanasi - 221 005.
India.

Nickel has been electrodeposited from
organic solvents (ethylene glycol,
Diethylene glycol and Triethylene glycol)
using nickel chloride and nickel sulphate
separately. The highest cathode current
efficiency has been obtained in case of
ethylene glycol. The effect of current
density, bath temperature and annealing
temperature, on the structure and physical
properties has been studied. In general,
deposits with improved physical properties
have been obtained. The microhardness of
the deposits decreased with an increase in
bath temperature and annealing temperature
as well. The decrease in hardness due to
annealing has been explained in terms of
lecrystallization of grains. The
microstructure exaination of the deposits
by SEM and TEM showed some interesting
results with respect to dislocation and
texture. Our results are not in agreement
to the obs3rvations reported by earlier
workcrs

2
-4 . The observations have been

discussed in light of the consequences due
to hydrogen evolution/inclusion in the
deposits. The adverse effect of hydrogen
inclusion in the nickel deposits has been
found to be almost nominal.

Reference

1. "Nickel and its alloys" S.J.Rosenberg,
NBS monograph (1968) p.52.

2. S.Nakahara J. Electrochem. Soc., 129,
1049 (19785.

3. S.Nakahara and E.C.Felder, J.Electrochem.
Soc., 129, 45 (1982).

4. S.KaJa, H.W.Pickering and W.R. Bitler
Plat. and Surf. Fin., Jan., 58 (19865.
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Corrosion of Electronic Materials and Devices Many electrical contacts and connectors are electroplated
with a noble metal, such as gold, to prevent tarnishing and

R. P. Frankenthal unacceptably high contact resistances. However, if the substrate
AT&T Bell Laboratories is exposed at the base of pores or at the edge of the contact or
Murray Hill, NJ 07974 connector, corrosion of the base metal may cause failure if the

The corrosion phenomena encountered in electronic materials corrosion product migrates onto the contact surface.

and devices are basically the same as those found with other In the presence of any ionizable impurity and water, an
metals and alloys, whether they are electroplated, rolled, drawn, electrolyte solution will form and may cause corrosion. Most
etc. However, the small dimensions and, in certain situations, electronic circuits are encapsulated in plastics, all of which are
the applied voltages encountered in microelectronic devices may permeable to water vapor. Ionic contaminants may be deposited
cause complete failure with only a minute amount of corrosion, on the device surface during manufacturing or may come from
as, e.g., in the electrolytic corrosion of conductor stripes. impurities in the plastic. Among the many contaminant ions that
Similarly, small amounts of atmospheric corrosion at pores in may be found on a device surface, chloride is, perhaps, the most
electroplated contacts or connectors may lead to unacceptably dangerous. The presence of chloride can lead to corrosion of
high noise levels in high-reliability communications systems. Lt)th positively-biased and negatively-biased aluminum by
Also dissimilar metals in physical contact, such as aluminum and destroying the protective native oxide (9-11). Chloride also
gold at a bonding pad on an integrated circuit or copper and gold gives rise to corrosion of positively-biased gold conductors (8).
at the edge of contact fingers, may undergo galvanic corrosion The chemistry and physics of particulate contamination is
through the formation of local electrochemical cells, beyond the scope of this talk. However, it should be mentioned

Numerous factors affect the corrosion of electronic materials here that, although large contaminant particles can readily be
and devices. Here, we concentrate on the environmental factors filtered from the environment, small sub-micron particles are
and on directions for future research that may lead to a better significantly more difficult to remove. As conductor dimensions
understanding of these factors. We first outline some problems and separations on devices continue to decrease, the size of a
associated with the oxidation of electronic materials, then those particle that is large, relative to the dimensions of the device,
arising from the effect of moisture, and finally those due to the shrinks. The industry is rapidly approaching the point at which
synergistic effect of moisture and contaminants. Where possible, it will be necessary to avoid the presence of just about any
we emphasize applications to electroplated materials. A more particulate matter on the surface of devices. This will
detailed discussion is given in references I and 2. undoubtedly pose many new challenges in device design and

Air oxidation is one cause of corrosion of conductors, manufacturing processes.
contacts, and connectors in devices and interconnec' systems and Acknowledgements
of elements in various thin film systems. For example, the
magneto-optic properties of rare-earth/transition-metal alloy thin I wish to thank Messrs. R. B. Comizzoli, P. C. Milner and J.
films, e.g., terbium-iron, are a strong function of alloy D. Sinclair for many thought-provoking discussions.
composition. Degradation of these properties is due to changes
in composition caused by oxidation (3,4). Because of the high References
reactivity of the rare earth metals, protecting these alloys from 1. R. B. Comizzoli, R. P. Frankenthal, P. C. Milner, and J.
oxidation and corrosion is a nontrivial task. D. Sinclair, Science, 234, 340 (1986).

The influence of moisture on the corrosion of most metals 2. R. P. Frankenthal, in "Properties of Electrodeposits: Their
.and alloys is well known but not fully understood. For example, Measurement and Significance," R. Sard, H. Leidheiser, Jr.,
moisture usually accelerates the oxidation of metals at moderate and F. Ogburn, Eds., The Electrocheical Society, Inc.,
temperatures, e.g., nickel (5). However, it retards the oxidation Pennington, NJ, 1975, p. 142.
of copper (6). Although both observations have been explained,
the basic mechanisms are not well understood. This is also true 3. R. B. van Dover, E. M. Gyorgy, R. P. Frankenthal, M.
for corrosion of electronic devices. But here, the concern is not Hong, and D. J. Siconolfi, J. Appl. Phys., 59, 1291 (1986).
only for the adsorption of moisture on metals and their native 4. R. P. Frankenthal, D. J. Siconolfi, R B. van Dover, and S.
oxides but also on the dielectric that separates and insulates Nakahara, J. Electrochem. Soc., 134, 235 (1987).
adjacent conductor stripes. Only a few careful studies have been
reported for the adsorption of water on well-characterized 5. S. H. Kulpa and R. P. Frankenthal, J. Electrochem. Soc,,
dielectrics. Yan et al. (7) looked at the adsorption of moisture 124, 1588 (1977).
on clean or-A1203 and at the effect of the adsorbed water on the 6. W. E. Campbell and U. B. Thomas, Trans. Electrochem.
surface conductivity of the substrate. Further studies on different Soc., 91, 623 (1947).
well-characterized substrates as a function of relative humidity,
temperature and controlled amounts of well-characterized 7. B.D. Yan, S. L. Meilink, G. W. Warren, and P. Wynblstt,
impurities need to be undertaken. Proc. Electron Compon. Conf., 36, 95 (1986).

A few monolayers of adsorbed water may increase by several 8. R. P. Frankenthal and W. H. Becker, J. Elecrtrochem. Soc.,
orders of magnitude the surface conductivity of the dielectric 126, 1718 (1979).
separating two conductor stripes. Then, if the voltage difference 9. S. C. Kolesar, Annu. Proc. Reliab. Phys., 12, 155 (1974).
between conductors is sufficiently large and the spacing between
them is sufficiently small, corrosion can occur, as has been 10. W. M. Paulson and R. W. Kirk, Annu. Proc. Relihab. Phys.,
demonstrated for gold conductors on integrated circuits (8). As 12, 172 (1974).
conductor width and separations on integrated circuits decrease, I. f. B. Comizzoli, RCA Rev., 37, 483 (1976).
this problem becomes more severe. At the present time, these
dimensions are 0.8-I p.m for commercial devices, and prototype
devices with 0.5lsm dimensions have been built.
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METAL ELECTRODEPOSITION ON PHOSPHATED STEEL SUBSTRATES

Henry Leidheiser, Jr., and Wayne Blder

Department of Chemistry
and

Zettlemoyer Center for Surface Studies
Lehigh University, Bethlehem, PA 18015

Painted steel that is expected to withstand severe
atmospheric corrosion conditions is conventionally
phosphated prior to the application of the paint.
Phosphated steels are generally used in automotive
applications, are often used as substrates for coating
appliances and are often used in coil coated products,
The phosphating process requires that some bare steel
be available as an anode for driving the deposition of
the phosphate. Much proprietary research has been
done to optimize the coverage of the steel by the
phosphate and to control the nucleation and grain size
and shape of the phosphate crystals. The fact that
bare steel is exposed after phosphating is shown by
the fact that electron exchange processes will proceed
on the phosphated surface.

The purpose of the studies reported herein was
twofold: (i) to develop a method for determining the
area of steel not covered by phosphate and (2) to seek
principles that might be utilized in developing a
superior, corrosion protective system for painted
steel.

A non-proprietary zinc phosphating solution was
utilized in order that the composition of the solution
could be reported. Such solutions yield lower cover-
ages and larger crystals than proprietary solutions.

Tin was electroplated on phosphated steel from the
alkaline bath. Typical conditions were a cell voltage
of 5.5 V and a plating time of 6 s. The phosphate was
stripped in a chromic acid bath and the area of the
substrate covered by tin was determined. Tin was
observed on 30-50% of the steel. Steel that was phos-
poiated and tinnen showed improved performance in a
scribe test and in a typical automotive cyclic test
after painting.

Experiments using phosphated surfaces electro-
plated with zinc, nickel and cobalt are incomplete at

the time of writing this abstract and will be reported
at the meeting.
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Under-film corrosion mechanism of zinc and REFERENCE
z in c a l l o y c o a t e d s t e e l s h e e t f o r a u t o m o b i l e s 1 W F n e i " o r s o o t o y C a i g ,1 .W.Funke, in"Corrosion Control by Coatings,"

K.Hayash,Y.Ito and Y.Miyoshi H.LeidhelserEditor,p.35,Science Press,

Princeton( ]979).

R&D Laboratories I, 2.N.Masuko,BOSHOKU GIJUTSU,30,699(1981).

NIPPON STEEL CORPORATION
Table I Cyclic Corrosion Test

5-10-1,Fuchinobe,Sagamihara,
229 Kanagawa,Japan SST 4 hrs

INTRODUCTION Drying 2 hrs
(70t, RH60"

Experiments were conducted for various zinc I

ally oaedstelHumidifying 2 hrs
alloy coated steel sheets to investigate (491. RH95)

(,the mechanism of under-film corrosion, with

much attention to its initial stage; and Freezing I hrs

(,,)reproducibility of the cyclic corrosion (-20C)

test to the atmospheric exposure test.

EXPERIMENT

MSpecimen preparation:the specimens have 
the

following surface structures:
cold rolled steel sheet/Zn,Zn-Pe alloy,Zn-Ni paints

alloy coating layer/chromate,zinc phosphate

/paints
These were cross-scribed before the corrosion coating-"

test. steel

OCorrosion test:(a)accelerated atmospheric
exposure test,(b)cyclic corrosion test(CCT SE image~xGoo, 7"

test condition is shown in Table 1).

$Analysis: The specimens tested were sectioned

perpendicularly to the scribe, polished and

observed by EPMA.

RESULT AND DISCUSSION

Figure 1 shows the EPMA analysi- results of

Zn-Ni alloy coated steel sheet subjected to scribe

the atmospheric exposure test. The observed

area is located at the vicinity of the tip of C1

the corrosion and the scribe is located at the Fig.1 EPMA analysis of painted Zn-Ni

left-hand side of the area. X-ray images alloy coated steel sheet exposed to

indicate that Cl is selectively distributed on atmospheric test

the coating eyer and that neither the coating

layer nor the steel sheet is oxidized. The SE

image indicates that the Cl-covered coating paint s

layer becomes friable. These suggest that Zn

in the coating layer changed to chloride at NOW,

the initial stage of the corrosion. At a later Z1, N1

stage, ZnO was observed in the corrosion coatzng

layer. The above observations indicate that

Zn is transformed once into chloride and steel

subsequently the chloride is transformed maybe SE m.eZn

through hydroxide into ZnO. The same result

was obtained also in Zn and Zn-Fe alloy coated

steel sheets.

Figure 2 shows the results of Zn-Ni alloy scribe

coated sheet subjected to the CCT. The figure

indicates that the corrosion behavior in the

CCT agrees with that in the atmospheric Cl

exposure test, which suggests that the

corrosion mechanlsms in both tests are Fig.2 EPMA analysis of painted Zn-Ni

identical, alloy coated steel sheet subjected

to the CCT
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CHARACTERIZATION OF NEW CORROSION RESISTANT Corrosion Behavior
NICKLEL-ZINC-PHOSPHORUS ALLOYS OBTAINEDBY ELECTRODPOSITION The corrosion behavior of the coatings was

studied using the polarization resistance

S. Swathirajan and Y. M. Mikhail technique. This method was used to compare
Physical Chemistry Department the abilities of the coatings to passivate

General Motors Research Laboratories after external polarization. The corrosion
Warren, MI 48090-9058 rates of the various coatings after polari-

zation to 100 mV positive to their corrosionThe electrodeposition of a family of NiZnP potentials are shown in Table IThe corrosion
alloy coatings was carried out at a rotating rate of the supersaturated Ni-rich alloy B
cylinder electrode at various deposition was lower than that of A probably due to the
current densities and temperatures. The deposit morphology. Of the two zinc-richcodeposition of phosphorus with the various phases, E was superior to D probably due tophases of NiZn was investigated in our the profound surface enrichment of Ni and Pefforts to enhance the corrosion resistance in E, as revealed by the Auger depth profile
and paintability of the alloy coatings. analysis.

Alloy Composition and Current Efficiency
TABLE I

The electrod-position current d~nsity was
varied between 28 and 950 mA/cm in the OPEN-CIRCUIT CORROSION RATES
temperature range 45-80*C. The deposition was
carried out from a chloride electrolyte at an COATING TYPE COMPOSITION APPROXIMATEelectrode rotation speed of 2000 rpm and a pH CORROSION RATEof 4.7. Ammonium chloride and sodium citratewere used to complex the metal ions in the
electrolyte. Sodium hypophosphite was used as
the source of phosphorus. A 80.8Ni-13.3Zn-5.9P 7.0

At least five types of NiZnP coatings were B 82.2Ni-34.8Zn-3.0P 5.5identified using energy dispersive X-ray
(EDX) analysis of the deposited samples and C 49.7Ni-49.1Z-1.2P 14.8their compositions are shown in Table I. The
variation of alloy composition and current
efficiency with applied current density is D 33.CNi-6SOZ-O.6P 35.0
shown in Fig. 1. An interesting feature ofthe deposition process is tha at very high E 20.ONi-79.4Zn-0 SP 21.5current densities (> 0.6 A/cm ) the coating
composition is independent of the current
density and temperature (1 456C) and yields
only the type B coating which has a super- I0
saturated amount of zinc dissolved in nickel.
The partial deposition current densities of 90
the alloy components and the mass transfer 80
coefficient at the rotating cylinder
electrode showed that the deposition of zinc 70
was mass transfer controlled at high current
densities at all temperatures. The apparent
current efficiency, which was not corrected SO
for the parallel electroless deposition of Nnickel, varied in the range 60-92 % for the
various coatings.

SHM and Auger Depth Profile Studies 2

The SEM examination of the alloy coatings 10
revealed four morphology types. The deposit 0
microstructure depended more on the depo- 0 0.2 04 06 08s:tion current density than the temperature cu,,nt envy (Acc2)or he deposit composition. The coating type
B did not show any grain structure even at Fig.1 Tho depndee of .11.y . p-t ,-,. 'very high magnifications, but showed micro- of NiZ.P 11.y on the appied -r-, J--, .t ""p"cracks probably caused by lattice distortion r yli~d . 2000 rp, Ild 45C
due to the presence of a supersaturated
&Mount of zinc in nickel. The Auger analysis
of the coatings B,C and D showed a depletion
of zinc and the enrichment of nickel and
phosphorus near the surface. The zinc-rich
coating D showed an enrichment of nickel to a
thickness of about 7 nm and the depletion of
zinc over a depth of about 20 nm, demon-
strating the formation of a passive film of
probahly nickel oxide reinforced with P.
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Steady-State Multiplicity Analysis of a F =[9
Mechanistic Model for Zinc Electrodeposition 2

In addition, solutions to eqn [8] which fall outside
Mark 0. Pritzker and Thomas Z. Fahidy the physically possible range of 0 , "2 ' I must be

Department of Chemical Engineering rejected. This is done by constructing the loci of
University of Waterloo points for which F intersects the boundaries at '2 - 0

Waterloo, Ontario, Canada N2L 3G] and t2 
= 
1, then superimposing them on the fold points.

A plot showing the number of solutions in E-pH
Electrodeposition processes often exhibit behav- space at [Zn2+] = I M and [A-] 

= 
I M (Figure 1) re-

iour characteristic of non-linear systems, such as veals some interesting features. Multiple steady-
the onset of oscillations, fluctuations, chaos and states exist in two separate regions of parameter
multiple steady-states, something which has generated
some interest in using techniques of non-linear dy- the regions naving three solu tions thereby reducing

namics for their analysis. Recent developments in the number of allowable steady-states from three to
singularity theory now pernit the steady-state multi- two in the small regions bounded by the boundary sets
plicity features of systems to be determined in a and the loci of fold points. Equally interesting is
systematic way without an exhaustive parametric study the appearance of the large area at intermediate
(1-3). The primary objectives of this work are to potentials where eqn [8] admits no feasible solutions.
introduce some of these techniques to electrochemists Aside from knowing where multiple steady-states
and to apply them to a mechanistic model of the elec- Aside fro tnowing tedeateof znc ropsedseveal ear ag byoccur, the shapes of the curves describing the depend-
trodeposition of zinc proposed several years ago by ence of 42 (and current) on t are also of interest.
Epelboin et al (4). Recently, a method has been developed to divide the

parameter space into regions having specific types of
Model bifurcation curves without having to solve toe state

equation directly and do an extensive paramletric study
Zinc electrodeposition is particularly attractive (2,3). Details of this technique, the type of asso-

for this analysis since it has been observed mo ex- ciated bifurcation curves and implications of the re-
hibit multiple steady-states (4,5). In the model sults for the model of zinc electrodeposition are
proposed by Epelboin et al (4), Zn deposition, H- discussed in the oral presentation.
evolution, and the anodic adsorption of an anion A-
compete for available sites on the electrode surface References
according to the following scheme:

ke 1. Th- Brocker and L. Lander, Differential germs and
H+ +- Ha d [Catastrophes. Cambridge University Press (1975).

2. Vi. Balakotaiah and D. Lass, them. End. Sci.,
k 39, 865 (1984).

H
+ 
+ Had s + e- - H2  [2] 3. M. Golubitsky and D.G. Schaeffer, Singularity

and Groups in Bifurcation Theory, Vol. I,

2
+ 

+ 
+  

k3 Springer-Verlag, New York (1985).
Zn n+ ads + e - 2 Zntds [J] 4. 1. EPelboin, M. Ksouri and R. Wiart, J. Electro-

k a chem. Soc., 122, 1206 (1975),
5. 1. Epelboin, E. Lejay and R. Wiart, Compt. Rend.

Zna + Huds k Acad. Sci. Paris, 274C, 178 (1972).
naads d ---- *Zn

° 
+ H

+
l [4]

Zk5  

024

Znad s + e - Zn [5] [ IM

H a e-k6Zn- + H [6] 016S 
ds  ads + ads

Zn' + A- 7  a [7]

k7  008

The kinetics of the process is expressed in terms 3
of three state variables: the coverages of adsorbed s
intermediates Hag (denoted as-<l) Zn

.  
( 2) and w

ZnAads (' 3 ). Under steady-state conditMns, the 0
system can be described by the cubic equation

32 1
F ( 2 E ,pH ,[ Z n 2  ] ,[A -] ) . 2+C J2 + D 

=  
0 [ 8 ] . -.. .. ..... .....

where 8 C and are each functions of potential E, -00e _

P,[P]and [A-].

S teady -S-t ate MuIt ipl-ici ty_ Analysi s

A method which was developed recently can be used -016 -2
to map the regions in E-pH and [Zn

2+
] - pH space -2 0

having particular numbers of feasible steady-states pH
(1,2). For a function of the form of eqn [8], the
boundaries of the parameter regions with different
numbers of solution are determined by constructing Figure I. Regions in E-pH space having particulai
the loci of fold points which satisfy the condition numbers of feasible steady-states to,

[Zn
2
?] -1 M and [Ai - I M.
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Electrodeposltion of Transition Metal Oxide

Phases: ThermodynamIc Aspects

Steven Crouch-Baker and Robert A. Huggins

Department of Materials Science and Engineering,

Stanford University, Stanford CA 94305, USA

Electrodeposition, typically from molten salt solvent

systems at elevated temperatures, has been employed

previously in a number of cases for the preparation of

multicomponent transition metal oxide - based phases (I).

However, it is apparent that only minimal attention has

been given previously to the consideration of such

electrodeposition processes in terms of the thermodynamic

phase behaviour present in the solute - solvent system.

Here, it will be demonstrated how the appropriate

isothermal phase diagrams may be employed to rationalise

and / or predict the various electrochemical reactions

which may occur at both positive and negative electrodes

during electrodeposition.
In order to successfully electrodeposit materials from

molten salt solvent ystems, it is essential that the solvent

be electrochemically inert at both the working positive and

negative electrode potentials. In this work it is shown

how isothermal phase diagrams relevant to the solvent

systems may be employed in order to calculate their

voltage stability ranges.
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1. A. Wold and D. Bellavance, in Preparative Methods in

Solid State Chemistry, ed. P. Hagenmuller (Academic

Press, 1972) p. 279 and refeiences therein.
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The Use of Insoluble Films Table I

to Control the Rate of

ElectrodepositI on of Metals The Effect of SodiLom Bromi de

on the Current Efficienoy

Thomas C. Franklin, Venita Totten
and Ali Aktan Metal Coneni.(M) C-rrent

Effi ci ency

Chemistry Department, Baylor University

Waco, Texas 76798 Ci 5 45

Cu 10 45
A stojy was made of the effect of Cu 10

-  
61

add Itives on the rate of deposition of metals Cu 1 74

that form insoluble compounds involving the Cd 0 27
depositing metal. Thls film should, Jn Cj

-  
26

certain cases produce a situation in which Cd 10 16
the metal is redic d from the Insoluible film

while the film inhibits the reduction of

other metals. This technique is simi lar 1o Table 2
the process that sCoUrsc in anomalous

codeposition of metals f1,2,3). The Effect of Bromide and i~lorid3 Co the

Composition of Electrodepcsited Alicys

Experimental

Additive Concn.(M; Ratio of Ca:,3d
Voltammetrio, current efficiency and alloy

composition measurements were sed to None .... 2.
demonstrate the effects of the adi ties. NaBr 10

- 5  
3.16

Voltammetri a measurements msed standard NaBr I 3. 7
potentictatic tecnmiques with platinun Nad 10 a 92

working ind counter electrodes and a
s 'arated calomel reference eleatrode. electrolysis at tydrogen ew ' it n

sandich type cel! ci w-o i - , isit t h
Current effia, ency determi nations were made film ana show by x-ray aysia that as

sisng ploatu m r eropee foil etedes, formula )s PI60 NC 0 Qr,.i'n soca 15

Pepos tirt was ma,!, at 2.8 ra/Cm2 for two voltamietry tht 1etr b, y.a n l ,i

hours feom 0.
1  

solutirn of the metal ion. perohlorate (TAP pr ,t'cts h Is f

The effi(Ieno, was cal ulit- from the weight diss': ,t it n 'P a' aline s3l t1 n.
of the de.posit. Alloy depositone BecL J ,f 'sis protec ion adi, A P
nindr smilar zcnditiots. Tn, aIlI ys we'r' has a proinour.-e efect cr th, r 4 f
amalyz-d by e-ray floerscenc ee i - g-,d Table III shows tTub ef I 7
Prmetoe Gamm Tech, -]mrgy D 'p'-v or -Ra rrent f m P 1

F re omor , Uc Ippar at e p,,,r. .n si.td elleots.

Result3 nl J lis t sso rl Cr ta Table

The lis,' cf Ins lubl'- Films of Irtermediat. tot Fffe9t 171A r
Vh lence A. -r n Le i

line system stiddid was th, form tie i r Current Effii y 1 c 7PAP A
irsluLle film frcr a r osi w it h nrl lead .,N c 1
Inte i rm a I in 'he -' i otin pro-ns

Thti: 1 I n t C' i I i I r' lij t i , A 1 1 ny

' ' 0 .

- 1 7 Y

itl ,rl * l * y , f, 'fl t; ) , : * 1 ' [ .]
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The Use of Volblmes of Activation to Determine The sulfonates were strongly adsorbed.

The Mechanism of Action of Additives Propane sulfonic acid caused no change in the

number of water molecules displaced Indi-

Thomas C. Franklin and Shaj A. Mathew outing that It acts as a blocking agent.
Chemisty Department, Baylor University However, when the unsaturated analog was

Wacc , Texas 76798 introduced AV* dropped to a low value

indicating that It was an outer sphere

This study was a follow up of a previous electron bridge. In the presence of the

study (1.2) demonstrating the possibility of naphthalene sulfonic acid 8V* dropped touti living volumes of aetivation 18V*) changes3
t obtain information about mechanisms ry 5.2 cm 3mole indicating that the adsorbed

touIoag nphthalene slfonute nerved us a bridge for
wnich additives affect rates of deposition, electrone tsuferaoeverediffernt fo

In the previous study it was shown that in a

N81 O0 2 SA , dilute CI solution 5' anionic additives, 8V* is slightly lower than
,s AVe for the loss of a water molecule in

for nickel deposition was 13.4cm/mol, homogeneous water exchange.
corresponding to the loss of two waters prior

to electron transfer. At higher chloride Table II shows cobalt results. It car be
conc.-ntratior.s or in the presence of borate seen that they are similar to nickel results

AV- dropped to 6.8 cm3/mol, corresponding
to loss of one H2 0 prior to electron

transfer indicating that chloride and borate AVe for Cobalt Deposition from Solutions
form inner sphere electron transfer bridges. Containing C.5M ToSO and 0.1MK2 SO

4
Tnioeyanat- caiused V- to drop to 0.G

indieating that it served as an ouiter sphere
bridge. In this paper the study was extended Additive AV- (m 3mcle

-i

to nclatde (a) The Izide ion, (b, Sone 0. .01C K I 1 2.kv0

sulfonates and (c) Cobalt deposition.
2. 0.1M KCI 6.00.2

Experimental 3. I XC. 5.
9
v0.2

The high pressure vessel, which goes to 4. 2M KC 1 6. 00. 4
1750 atm()), contained a Teflon elotro-
chemical cell immersed in mineral oil. The

pressure was adjusted with a hydraulic jack. 6. 0.011 NuCIO 12.3_0.2
The cell contained a small cathode of the
metal and a Hg/Hg 2SO, counter electrode. The

8. C.01A Kci,0..01M XSCN 0.0±+0.2

volume of ueti vation was calculated from the

q,:I, ton The AV* for homogencus exchange of orne

A- In water mlecule on the cobalt ion is

\ 6n, T 8.1 cnole(3). The observed AV- '
correspond to two waters lost without

wher the quantity in narent'esis was ob- additive, one ater lost wits chloride 1Inne,
taind r'on th- slope of graphs of in i ) ph phere bnidging) and zero wtrs lost wi tn
pr-,snre, thiocyan!', Ol ter sphere bridging).

Reslts
0,2 nnw ledgemt nt

Table l shon ni'kel reslts. Adcixn
of rzid , wi 1, 1 s -toads, Ocuv.-: V I t 

,  
' epress ai" pr I 0 tt rn 1c the

ev-nt ly'syro t .0, indicIng that dht honert A. W-ln F'iot'Jtin of Macston, Troi
,:id- f-r. n tr :dg,' trot7ni th" fr t h' f n n I11 1.s St snce t,- hi , F7 v.v
wa t r to t1is work.

Table I

V',O i f A t i V' f r N a .

V iv Act 4 ,1 M " ' '
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Electrocodeposition of Copper and Polystyrene Latex Particles A non-linear regression analysis of the experimental data yields a
on a Rotating Divc Electrode dimensionless rate constant k=-0.238 for this system. The theoretical tim

corresponding to this value of the kinetic rate constant Is also shown in
Jorge L. Valdes- and Hak . Cheh Figure 2. The volume fraction of particles in the composite film can now he

predicted by combining eqns.l-21. For the particle electrocdeposion
Department of Cheriucal Engineering and Applied Chernistry system tnder investigation we fid that the volume fraction of particles in

Coluntbia University the composite decreases precipitously with increasing current density. In
New York. New York 10027 general, the highest volume fractions are obined at the lowest current

densities. This kind of kinetic tformation is essential in destgstng procer

Electrocodeposition of metal and colloidal particles can yield composite parameters to attain composite films with the desired partile number

structures with unique physicochemical properties. In order to advance a density.
more fundamental understanding of this process an experimental study was REFERENCES

conducted on the electrocodeposition of monodisperse colloidal polystyrene 1. JL. Valdes. Depvsion of Colloidal Particles in £lectri ihe-cal
latex particles from an acidic copper sulfate electrolyte on a rotating uisc Sysiers, Doctoral Dissertation. Columbia Untversitr (14597)
elestrode (RDE). This work focuses on elucidating two important
mechanistic aspects of this process: 1) the influence of the rate of metal 10
electrodeposition and 2) the prevailing transport conditions on the rate of IRPIA
particle deposition. Both of these factors are known to have an appreciable a 409
influence on the number density of particles incorporated in an 0 o 820
electrodeposited composite film (EDCl. 9a 1225

A monodisperse system of amide-modified polystyrene colloidal particles
(Seragen Diagnostics) was used in the electrocodeposition experiments. The
particles have an average diareter of 0.345pan with a standard deviation of rI 8 -

.l)035pim as determined by electron microscopy. Amide-modilied
polystyrene particles with active surface ound hydrophilic groups were a
found to have a high degree of particle stability in electrolytic solutions used z

in this study (0.5MH:SO4 and 0.05MCuSOa). A stable non-flocculaung 0 7
dispersion is essential to achieving uniform deposition and homogeneous
composite films. In acidic solutions, the particles wsill have a positive
surface charge density since the amide groups are expected to be protonated. Ml
A particle number concentration of 8.86xlO

t
/cm was kept constint X, 6

throughout and conforms to dilute solution conditions. The electrolyric 11,11
dispersion was prepared just prior to each experiment by measuring an -J
accurate volume of the original lOe by weight suspension and introducing it 9.
into Milth-Q reagent grade water. In order t insure uniform dispersion of c 5
the particles, the soluion was put into a msild ultrasonic barh for about 30 0.
rmin.

Particle clectrocoideposition expertments were performed on freshly 4
eledtroplated copper surfaces. to order to minimize the influence of urface 1 2 3 4 5 6 7 9 1 1 1 12
morphology and particle klocking effects we considered initial rates of
particle electrocodeposition. The thickness of each comptrsite film formed CURRENT DENSITY (mA/cm

2
)

was kept constant and commensurate with the parucle diameter. Electron Frg. I The effect of current density and particle hydrtodyann
microscopy was used to analyze the surfaces of EDC films and obtain an transport on the itnsic rate She-sd nuitihe it

estimate on the intrinsic rate of particle deposition. polystyrene depisition.

In Figure I are shown experimental results obtained for this i5
electrcodeposition system. The particle Sherwood number is show i as a
function of the applied current density and for various rottion speeds 1he
Sherwood number is a dimensionless way of expressing the flux or rate of
particle deposition. We hnd that the intrinsic rate of particle deposition is
not a function of the rate of the metal electrodeposition reaction. These 12 PERFECT SINK
results necessarily dictate that the volume fraction of parucles to a 12
composite film will decrease with increasing current density. In
dimensionless tcrms, the vilume fraction of particles in a comptistle film, f_ W
can be expressed as,

Sh z

where Sh is the particle Sherwood number, 0 is the ratio of the apphled 0D

current density to the ltmiting current density, andt 01,r a dimensionless 3
system paraetes that accounts for the volume differential between the IT]
electrodeposited metal and particles. U

In Figure 2 are shown experimental result% obtainedt for the Sherwivul -i i 
0

number as a f a cton of the partcle ec Ie number The Petle number Is a F
dimensiontess quanttty which enpresses the relatise tiportance i

hydrodynamic convecuon o Browmnian diffusion, A larger Peclet number -K
irdcates a highes roauon speed As a means of comparison, ae have al,-a

plotted on this graph the expected curve for the deporsiton of parues under
"plfect sink- or puely masu transport controlled conditions For too Pcclt 3
numbers, the expermenta, data appraches prefect sink* delsiini For 0 3 6 12 Is

large Peclet numbers the kinetics of the interfacial particle deossitriistp
bteimes nre rate determining Assuning iri rirder knt , ti the PARTICLE PECLETNUMBER Pex 1000
depriuion step. the experinentat datan he desribcd h the ftilnutg rite .ig 2 111iK-ndr.nt ii prirste Shieris.s iis i n let lii .lrx,
expression. pet, ris. s oal krt- cnrr.lr ,r

(, hIlt k 
I

t I Rtlll, l mSh:Irrlxl'e
1 12h slut Ice, : t..,' ,.
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Laser Interferoenetric Wet Etch identified by simultaneously measuring the intensity

and Deposition Rate Measurement of the reflected laser light (Fig. 2a) and elimina-
In-Situ at Solid/Liquid Interfaces ILESLI) tea. Fig. zc shows the resulting etch depth versus

time revealing a constant etch rate of 4.9 nn/ which
R. Vogel, 0. Wolter, G. Makosch corresponds to a current density of 15.7 mA/cm

with galvanic (anodic) dissolution of Si.
G -man Manufacturing Technology tester,

IBM Germany, P.O. Box 266 CONCLUSIONS
7032 Sindelfingen, Germany

This example demonstrates the good sensiti-

vity of this method the measured etch rate being

INTRODUCTION far beyond the limit of detection. For practical
purposes this limit can be

2
estimated to 0.003 nm/s

Wet processes for deposition, dissolution or corresponding to 10 uA/cm in the case of Silicon.
etching, play an important role in microelectronic To summarize we can 4tate that LESLI is a true

manufacturing technology, in-situ method for wet processes allowing the time
Among these we can distinguish between galvanic saving measurement of etch or deposition rates.

processes where the applied electrical current is a

direct measure of the deposited or dissolved mate- REFERENCES

rial, and so-called electroless processes. These
latter ones are characterized by one or more addi- // G. Makosch, B. Solf, SPIE 316(1981)

tional electrochemical or chemical reactions occur- /2/ G. Makosch, B. Drollinger, Applied Optics 23,
ring simultaneously at the electrode thus resulting 4544 (1984)

in a zero net current.
Hence there is no electrical signal for the

reaction rate with wet electroless processes.

METHOD

We could solve this problem by measuring

in-situ the change in surface topography of a planar
electrode during the electroless reaction. This is
performed by directing the probe beam of a common

path dual-bean interferometer towards the surface of

the sample within a region where the reaction takes
place (Fig. I). The reference beam is focussed on a
masked part of the electrode where the reaction is

prevented.

The height or depth h of the unmasked region
increases with progressing reaction and is linearly
related to the measured phase difference U between

the two reflected laser beams according to

A

with U being the vacuum wavelength of the laser beam

and n the refractive index of the electrolyte.
This technique is based on using a Laser Spot

Scanning Interferometer /1,2/ in combination with an

electrochemical cell.

SILICON ETCH RATE MEASUREMENT

The anisotropic etching of silicon in aqueous

KOH solutions is one of the.key processes in Silicon
Micro Machining. Therefore the electrochemical cell

has been designed for etch rate measurement of Si
in alcaline solutions enabling a precise positioning
of the etch test pattern of the Si-wafer with respect
to the window for the laser beams. Furthermore, we
provided for the supply of electrolyte, heating,

temperature measurement as well as monitoring and

controlling the electrical potential of the

Si-electrode referred to the reversible hydrogen

electrode.

Fig. 2b shows the variation of the phase dif-

ference while silicon is etched in a concentrated
KOH solution at a considerably high temperature of

59"C. At this temperature a strong formation of gas
in observed which is supposed to disturb the phase

evaluation. But data points are computed within

4 's that neans under quasi steady state conditions.
Therefore, only a few data points are randomly

J;stribjted an can he seen from Fig. 2b. These

Citn contain rno depte inforation. The are easily
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Abstract No. 361
EFFECT OF TRANSPORT AND REACTION ON TIlE SHAPE The initial condition was C-I everywhere at T*-0. The

EVOLUTION OF CAVITIES UNDERGOING ETCHING movement of the interface was described by VnC= -B* y

where B*-D/oc0. One notes that B=Pe B* and T-Pe T *
Chee Burmo Shin and Demetre Economou

Department of Chemical Engineering RESULTS AND DISCUSSION
University of Houston

Houston, TX 77004 Figure 2 shows a comparison of shape evolution
profiles obtained using our numerical FEM solution with

IN1TRODUCTION an asymptotic (perturbation) solution obtained for pure
diffusion, and infinitely fast reaction(4). Good agreement

Etching and deposition in cavities is of great is observed at early times for which the perturbation
importance in the modern electronics industry. Examples solution is valid. The agreement deteriorates with time
include etching of GaAs for high speed devices and lasers, since the perturbation solution is not valid for longer
and copper deposition for printed circuit board times. The etched profiles show a characteristic bulging
fabrication. During wet etching of a thin film partially near the mask edge. This is because of higher etch rate
protected by a masking layer, the shape of the resulting there due to reactant diffusion from areas above the inert
cavity depends in a complex manner on the fluid flow mask. Figure 3 shows the shape evolution of a cavity
distribution in the cavity region, on the mass transfer to etched under conditions identical to Fig. 2 except that the
and from the solid surface, and on the reactivity of the mask thickness was 25% of the cavity mouth width
surface. Shape evolution studies in stagnant solutions (instead of the infinitely thin mask of Fig.2). The bulging
(pure diffusive transport)(1), or convective transport in effect is much less pronounced due to the larger diffusion

cavities of invariant shape(2) have been reported in the path of the reactant from the area above the inert mask to
literature. Htowever, the authors are not aware of any the etching surface. Etch anisotropy(ratio of cavity depth
studies on the shape evolution of two-dimensional cavities at x=Q to mask undercut) is also enhanced using a finite
under the influence of fluid flow. thickness mask.

The effect of fluid flow, transport, and reaction on The effect of fluid flow on the shape evolution of a
the shape evolution of two-dimensional etching cavities cavity is shown in Fig.4. Conditions were otherwise the
was studied. The Streamline Upwind/Petrov-Galerkin same as in Fig3. The time scale on this figure has been
(SUPG) finite element method(3) was employed since it is rendered directly comparable with that of Fig. 3. One
better suited for convection dominated flows (high Peclet observes much faster etching as compared to the case of
numbers). A moving boundary scheme allowed for the pure diffusion (about 5 times faster under the present
shape evolution to be followed conditions). The etched profiles are now asymmetric owing

to fluid flow, At early times (T*<20) the cavity aspect ratio-
F(depth/width) is small and the externul flow field invades

The computational domain and the finite element the bottom of the cavity bringing fresh reagent in the
grid used are shown in Fig.1. The time dependent position cavity. The etch rate is then higher around the area where
of surface S influences the fluid flow distribution which in the fluid first encounters the bottom of the cavity ( to the
turn affects the further evolution of surface S. The fluid left of the centerline). The situation changes drastically at
velocity profile in the near cavity region was obtained by later times at which the cavity aspect ratio increases and a
solving large recirculating fluid eddy occupies most of the cavity

Iu Vp I -V2 (see also Fig. 5). Under such conditions, fresh eactant first

iT u encounters the area around the right mask and the etch
rate becomes faster there. For the same reason thealong with the continuity equation undercut of the right mask is larger than of the left mask.

VU=0 Nevertheless, anisotropy is improved as compared to the
Iere the Reynolds number Re=uoL/v, where uQ is the fluid pure diffusion case.
velocity at the center of the mouth of the cavity, and L is
the halfwidth of the cavity mouth. Also, T-tu0/L. Boundary Figure 5 shows a velocity vector plot for the cavty
conditions included Uy-0 on all boundaries, Ux=0 on the corresponding to T*34.7 in Fig.4. In addition to a large
lower boundary, Ux-constant on the upper boundary, and eddy filling most of the cavity volume, weak recirculation3
ux/lx =0 on the left- and right-hand boundaries. The patterns are observed in the undercut regions. If etching

initial condition was anu at T=. The concentration is transport limited, the weak convection in the undercut
distribution was found by solving regions reduces mass transfer resulting in enhanced

etching anisotropy, Fig. 6 is a concentration contour plot

"- + __VC 1I V2C for the same cavity as in Fig. 5. Larger concentartion
T Pe gradients are observed in the undercut area of the right

mask as compared to the left mask. This is the the reasonIere the Peclet number Pe=uoL/D. Boundary conditions for higher rate of undercuting of the right mask
included VnC- -Sh C along the etching cavity surface, C-I
along the left boundary where fluid enters, and VnC 0 on In conclusion, a mathematical procedure has been
all other boundaries lere Sh-lAID, with k the surface developed to analyze the shape evolution of two-
reaction rate constant. The initial condition at T=O was C=0 dimensional etching cavities under fluid flow conditions
everywhere in the computational domain except that C-I at The model provided insight into the complex interaction of
the left-hand boundary. In addition, the movement of the transport, reaction and cavity shape, and may be u%ed to
boundary was described by identify process operating conditions that lead to high rate
VnC- Bvn anisotropic etching
where B-u01./c0, with a a material property, co the bulk
reactant conceniration, and vn the velocity of the moving REFERENCES
biiundary In the case of pure diffusion (no fluid flow) the
diffusion equation solved was I C, Vulk and C Cuvelier, J Comput Phys. 59. 2

4
7(IQ,951

0C=2 C  2 R C Alkire, D Reiser, and R Sani, I Electrothevr Soc,
C 131)12), 27t(1)lq94)

3 A N Brooks and T J R Hughes. Comp Methods in \ppl
. here T*- i) I 2 Boundat) ciinditiiins included Mech ug .3 2, 1911) 1R : o

Vn(' Sh C along the etihing cavily s iifate. VnC-0 along
ti mask surftie, ani (-I far frim the etching surface
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Fig 1. Computational Domain and Finite Element Grid. The .,. ,
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34,7 under the Conditions of Fig. 4.

Fig 5 Velocity Vector Plot in the Cavity Corresponding to
1*=34.7 of Fig, 4. Velocities are Normalized with Respect to
the Velocity at the Center of the Cavity Mouth.

Fig. 2. Comparison of the Numerical Solution with an
Asymptotic Solution Presented in Ref. 4. Stagnant solution
(no fluid flow). and infinitely thin mask. B= t00 and Sh -.

MASKM K
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- . .. .Fig. 6. Concentration Contour Plot in the Cavity
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Electrochem. Soc. 131, 2032 (1984). R. N.
AQUEOUS ELECTROCHEMISTRY OF TELLURIUM Bhattacharya, K. Rajeshwar and R. N. Noufi, .
AT GLASSY CARBON AND GOLD: A COMBINED Electrochw. Soc. LU, 732 (1985). E. Mori

VOLTAMMETRY-OSCILLATING QUARTZ and K. Rajeshwar, to be published.
CRYSTAL MICROGRAVIMETRY STUDY W. 1. Danaher and L. E. Lyons, Aust. 1. Chem.

Eric Mori, C. K. Baker, J. R. Reynolds* 31, 689 (1984).

and K.BAieshw *
Departnent of Chemistry

The University of Texas at Arlington
Arlington, Texas 76019-0065

The electrochemistry of tellurium has been
extensively studied in recent years because of its
biological significance. Tellurium is also a component in A-
binary and ternary HgCdTe. The cathodic electro-
chemistry of Te

4  
is complicated by adsorption and

homogeneous chemical reactions. In the course of our
research on CdTe electrodeposition mechanisms (1), we
observed a remarkable sensitivity of the voltammetry
profile of tellurium to the nature of the electrode ,.
substrate. This aspect is addressed in this paper via
comparative studies on glassy carbon and gold -
electrodes.

A sub-theme of this paper is the enhanced
interpretative capability offered by the combined use of
voltammetry and microgravimetry in studies on complex o - -
systems such as tellurium. Microgravimetry was 0 a
performed using the oscillating quartz crystal balance.
The data in this paper constitute what we believe to be
the first examples of the use of this powerful in situ
weighing technique in studies of semiconductor
electrodepositions. P t.vAg

The representative voltammety profiles in

Figures 1 and 2 for glassy carbon and gold electrodes
will be discussed with the aid of appropriate reaction
schemes. The correctness of these reaction schemes was Fi, Ic t C1ca nc-0mo9 fm Te eWucc ag , y curt ,= e-. r -C.
verified by concurrent data collected from coulometry A-.95 V

and microgravimetry. The strong adsorption of Te
4  at

the gold surface leads to a direct six-electron reduction of
HTeO-2 to H2Te. This process is not observed at the
glassy carbon surface. Additionally, the adsorption of
H2Te at the gold surface leads to a catalytic pre-wave
leading to the deposition of Te0.

The above data are discussed within the context
of related work done by previous authors on the
electrodeposition mechanism of CdTe at the Pt surface
(2).a
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ELECTROCHEMICAL DEPOSITION AND CHARACTERI- CdSe is wrutzite, all the deposited films had
ZATION OF CdSex Tel1  (0O<) FILMS zinc blend structure. The lattice constant

varied depending on the SeO 2 /TeO 2 ratio in
Kohei Uosaki, Makoto Takahashi*, Noboru solution as shown in Fig. 2.
Karube and Hideaki Kita Effects of heat treatment on crystalline

diameter and electronic properties of
Department of Chemistry, Faculty of Science, electrochemically deposited CdTe films will
Hokkaido University, Sapporo 060, Japan be also reported.

-Present address: High-Technology Research Potential/V vs. Ag/AgCI
Laboratories, Kawasaki Steel Corporation, -0.6 -0.4 -0.2 0
Chiba 260, Japan 0

II-VI compound semiconductors such as o *
CdS, CdSe and CdTe are considered to be
promising materials for low cost thin film E O •

photovoltaic and photoelectrochemical cells.
Although a variety of methods have been E 0
employed to deposit semiconductor thin films, -. 1 O
electrochemical deposition has many a o 0
advantages including easy control of o
thickness, composition and properties of I.)

deposited films. In this paper, in order to
establish a deposition method of a
semiconductor films of desired energy gap,
the electrochemical deposition of CdSexTeI x 0.2

(01x1) was attempted. Furthermore, effects Fig.1 Current-potential relations of TL electrode is
of heat treatment on crystalline diameter and sulfuric acid solution (pH=l. 4) containing 1inol.
electronic properties of electrochemically dm

- a 
CdS, and ScOTcO,

deposited CdTe films were also studied.
The CdSexTel x films were deposited from O: SeOz I mroldm-3

aqueous solufion of pH 1.4 containing CdSO 4  ScOz 0.Smm0].dr-3+TeO2 0.2nmo].dm-3
and TeO 2 +SeO2 , the total concentration of :SeO 0.6mnrnol.ds-+TO 2 0. sitnol.dr-
which was 1mM, on Ti sheets which were
degreased by chloroform and ethanol vapor,
etched in 10% HF and washed in purified water X:Se 2 0.2 niil'dm-+TeOz 

0. 
Smird,'

-

before use. The reageant-grade chemicals [-i:T olmmol.dm-
were used without further puriticacion.
Water was purified by Milli Q water 6.5
purification system (Millipore Corp.). The
usual three electrode cells were used and a
platinum sheet and a Ag/AgCI electrode were
used as a counter and a reference electrode,
respectively. The heat treatment of the
films was carried out in a quartz tube under 6.4
a He gas flow. X-ray diffraction
measurements were carried out by using
Philips PW-1352 x-ray diffractometer.

Fig. 1 shows current-potential relations
of Ti electrode in sulfuric acid solutions
(pH=1.4) containing IM CdSO 4 and various
concentration of Te 2 and Se 2 (total - 0
concentration was 1 mM). In all cases, when
the electrode potential became negtive, the
cathodic current increased first but reached .
limiting value at more negative potentials. 6.2
The higher the SeO ratio was, the more
negative the onset potential for the cathodic
current was. The limiting current was
considered to be controlled by the diffusion 0
of Tee 2 and Sel 2 and did not depend on the
SeO 2 /TeO 2 ratio. When the potential became 61
more negative than -0.65V, very lar', -
cathodic current due to Cd deposition flowe.
Since current, i.e., reaction rate, is
controlled by the diffusion of SeO 2 and Tel)2
in the limit tig current region, it is . --- i
expected that Se and Te are included in the 0 0.2 0.4 O.b 0.8 1
depo!itred fi Im depending on the Se) 2 / TeO- S'), Frit..,
ratio it th,. solution. In fact, CdS To

1  l
film where x deperded on the soltit tonn 1' 2 1 , , ' ,
compo: i t ton was obta in,. by t h, fIln : . a ft l. u , ,,s . S'I.) h,
pot(,ntlostattc d:positiion in thte pote: tl ,

reqion wher( the li it in,j r r,-t wad

onsercevd. Altfo~ruh the slug) ct :1 ,, c.
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CATHODIC ELECTRODEPOSITION shift in the J onset potential to two possible rea-
CHARACTERISTICS OF CdTe FILlS IN A sons (i) An exypa potential term due to the IR drop

NON AQUEOUS RATH. caused by the increased thickness of the CdTe film.
(ii) The existence of an over potential term for the

R.K.Pandey, R.9.Gore deposition of cadmium on CdTe.
Department of Physics, Rhopal University,

Bhopal - 462 026, INDIA. One of the possible explanation for the shift
in JT onset with the use of highej.TeCl4 concentra-

The renewed interest in electrodeposition of tIon could be the adsorption of Te Ions on the ca-
CdTe stems mainly because of its application in pho- thode surface. A thin greyish overcoat was indeed
tovoltaic solar cells. Panicker et al. (1] reported the observed on unbiased cathodes dipped in the electro-
electrodeposition of CdTe from aqueous solutions. deposition bath. The compositional analysis of this
However, 8he grain sizes of the deposit are small overcoating was carried out with the help of an ES-
(500-1000A 

) 
and the control of stoichiometry is diffi- CALAB3 Mark II X-ray photoelectron spectrograph (V

cult [2]. It is necessary to work at higher temperatu- G Scientific, England) under ultrahigh vacuum con-
res to obtain larger grain sizes and to use alternative ditions using 4gK , source and sputtering with Ar Ion
source of tellurium to control the stoichiometry. gun (for details see ref.5). The depth profile of this
In a recent report by the authors (21 it has been film is shown in Fig.4. Although signals corresponding
shown that large grained and stoichiometric CdTe to cadmium were also detected In the Survey scan,
layers for photovoltaic applications can be grown however, the narrow scan XPS peaks corresponding
using a non aqueous bath of ethylene oglycol (EG) to Cd were very broad and their binding energies
containing CdCI , TeCI and KI at 160 C. In this were not well defined. It thus, follows that, cadmium
paper, we 2 report? the4 fathodic deposition characteristi- Is present In traces only. A major part of the film
cs of Cd and Te in EG and the conditions to was found to consist of tellurium whose concentra-
obtain nearly stoichiometric deposits, tion increased with increasing sputtering t 4~e. Our

findings, therefore, give clear evidence of Te adsor-
The cathodic deposition characteristics of CdTe ption on nickel cathodes. A possibility emerging

were investigated on polished nickel cathodes with from the above studies is that the non aqueous ele-

respect to a platinum reference electrode. The in ctrodeposition of CdTe conists of atleast two steps
creasingly negative potential sweeps were applied viz.(i) the adsorption of Te on the cathode surface
between the cathodoe and another platinum anode imm- and (ii) its sruzsequent conversion into CdTe by the
ersed in EDO at 160 C. discharging Cd -".

Fig.1 exhibits the cathodic polarisation curves According to the theory of compound electro-
for three cases viz. E, only (curve 1). EG. M/3.3 deposition [3,4], fairly stoichiometric films can be
KI (curve 2) and EG '.1/3.3 Klil14 CdCI 2 (curve 3). plated at a potential lying in the plateau region close
The absence of any structure in curve 1 indicates to the J C onset. It has been found by us that the
that E- can he used safely for the electrodeposition potentiostsyic deposition at 800mV in a bath contain-
purposes over a wride range of potentials. In curve ing 1M CdCI and l/Go TeCI yields fairly stoich-
2, the cathodic current rises abruptly for potentials iometric depsits. The depth pr

4
file of a typical as

IV (vs.Pt). This rise in current can be attributed grown film under these conditions is shown in fig.5.
to the$,onset of potassium deposition. The presence The Cd:Te ratio in the bulk Is 1:0.96 which is fairlyof Cc o in the bath however, prevents the onset of close to the stoichiometric composition of CdTe.
this process as is obvious from curve 3. The The presence of Impurities of C and C can be due
onset point occurs at approximately c.3. T Cd to their incorporation during handling of the samples

and/or from the electrolyte. Carbon can be easily

Fig.2 exhibits the cathodic polarisation characte- removed by subjecting the films to a post deposition
ristics in a bath containing E+ r.W.3.3 KI and differe- annealing treatment.
nt concentrations of TeCI at 160 C. The commence-
ment of J onset car 41Ie seen to depend strongly The surface topography of the above films using
on the Teh concentration. The J onset shifts SEM [2) revealed a fairly uniform surface with grain
towards more negative values as the iTI concentra- sizes 1 i. m. No sign of cracking could be observed
tion is increased. This negative s, ift is Iarge inltia- in samples aged for seven days. Electrochemical ph¢-
lly and slows down for higher TeCI concentrations. tovoItaic cells with V = 530 mV, J - 5.6mA/cm

4 fill factor = 0.4 and ificiency = 2.4 have been fa
The cathodic polarisation characteristics in pre- bricated from the as deposited films which proves

sence of '/3.3 KI, 1II Cdli and different molar their potential for photovoltaic applications.
concentratms of TeCI 4 are -hown in Fig.3. Three
distinct regions can he seen in this figure. The plateau References
region corresponds to CrTe forriation. The region
to the left of the plateau favours To deposition '-hile 1. tI.P.R.nanicker, M.Knaster and F.A.Kroger, J. Ele-
that towards right favoured Crd deposition. The depo- ctrochem. Soc. 125, 5(, (1on).
sition current can be seen to increase on both sides 2. R.B.Oore and P.K.Pandey, Thin Solid Films, (In
of the plateau region as the potential is swept in press) (1999).
the ne-ative direction. This hehaviour is characteris-
tie of a coripound electrodeposition process where 3. F.A.Kroger, J. Electrocher. Soc. 125, 2026 (1978).
the rleposItion of )n(! of the species is lu--ited by 4. R.r).nngelken and T.P.Van Doren, 132, 2904 (19R5)
diffusion [3,4). The plateau current can be seen to
increase in fig. 3 as higher oncentrations of Tel 4  5. Q .r,ore, R.' .nandey and li.be.Kulkarn, to he pur,

torced lished.

The J and J onset cani also be seen to
;hift trnarr ,,ore iliativ values with increasing
T0.-l 4 concentrltinn. The, reasons for the observe,'

w, :11,ve nifts in t'- 'ntet potent iials are not very
'-lir at this sta ;,'. rCr iy issOClitr the Ohservd
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Fig. 2: Graph of CdTe flm resistance versus time

Fig. 1: Graph of total cathode substrate 
to referencecorsnd 

gtoF .1;R/ =7oh /.

electrode voltage required to maintain perfect

(in trinsic) CdTe surface stoich~ometry versus
time for j t - 154z:35 A/c. Note the
pronounced voltage drft dV/dt a12 mV/s).
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ELECTRODEPOSITION OF Cd -xZnxS and Cd SixS FILMS

C.D. Lokhande, V.S. Yermune, M.S. Jadhav,

R.D. Madhale and S.H. Pawar

Energy Studies Laboratory, Department of Physics,

Shivaji University, Kolhapur -
416 004 (India).

The preparation of thin film semiconductors
with electrodeposition technique has some advant-

ages over other physical and chemical deposition

techniques. It is easy and economical as semi-

conductors with no or small waste of materials

could be prepared. A flexibility in the electro-
deposition technique is attractive. A variety of

electrodeposition techniques, either singly or in

combination with others have been reported to

produce better quality semiconductors. This

technique has been employed for the deposition of

elemental, binary and ternary stTi 
5

nductor thin

films onto different substrates . The terna.,

semiconductors include CulnSe 2
, CoInS

2
, CuInTe

2
,

AgInSe
2
, HgCdTe etc.

In this paper, we report on the electro-
deposition of Cd Zn S, and Cd Bi S thin films

(Occel). The films wre prepared from aqueous

acidic and alkaline solution baths. Sodium
selenosulfate was used as a sulphur source and EDTA

was used as a complexing agent. The films were
deposited on ITO, Ti and stainless steel

substrates. All depositions were carried out at

room temperature without stirring the bath.

As deposited Cd Zn S films were well adhesive
to the substrates and the film thickness was 2-3 cm
for the deposition period of 30 min. The films are

polycrystalline in nature. The polarization curves

showed that the electrodepositiun potentials for
alkaline baths were higher than in the acidic baths

and films were of better quality with alkaline

baths. The bandgaps of CdS and ZnS were estimated

as 2.4 and 3.55 eV, respectively. The nonlinear
dependence of bandgap on Zn content was observed.

The Cd Bi S films from acidic baths were

rough and im;rpous or consisted of fine grains.
The alkaline bath films were smooth. The electro-

deposition potentials varied between - 200 to - 100

mV(SCE) as Bi content increased in the films. The
optical absorption studies showed that the Bi S
has indirect (1.4 eV) and direct (1.8 eV) banjgaps.

The dependence of Eg on Bi content in Cd SxBix
S

films is nonlinear.

The (photo) electrochemical studies of

Cd Zn S and Cd, Bi S films showed that the films

are pofoactive an ntype in nature.

I. D. Elwell, J. Cryst. Growth 52 (1981) 741.

2. B. Fatus, P. Herrasti and F. Arjona. E.G.

Camarero. Abst. 327. 169th Electrochem. Soc.
Meeting, Boston, May 4-9 (1986) Vol. 86-1.

3. C.D. Lokhande, J. Electrochem. Soc. 134 (1987)

1727.
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or less marked depending on <Cu+>, are obtained hete-
ELCTRODEPOSITION OF CulnSe

2 
THIN FILMS rogeneous layers of CU2_xSe belonging to the Berze-

FROM AQUEOUS SOLUTION lianite structure. The second plateau is relevant to

the formation of smooth and dense layers of Cu-In-Sc

G. MAURIN, D. POTTIER alloys (Fig.3t. Like in the case of the CdTe electro-
deposition (7), the variations of this pl~teau current

LPIS du CNRS "Physique des Liquides et Electrochimie" versus the rotation rate (in a I
" 

vs 1-1/2 pLot) do
Tour 22 - 4 place Jussieu not follow the Levich's law indicating that the over-

75252 Paris Cedex 05 - FRANCE all deposition rate is limited by mass transport and

by a slow surface process. On the plateau, the compo-

CulnSe2 
is a semiconducting material specially sition of the deposit varies with the potential, in

attracLive to make absorbing electrodes in photoelec- particular, the Cu/Se ratio decreases then the poten-

trochemical devices. It was cemonstrated that a single tial becomes more negative. Finally the best deposits

crystal electrode in contact with a I/1- redox solu- are obtained at -0.95V/SSE. The X-Ray diffraction

tion is protected against phoiocorrosion by a solid diagram (Fig.4) is characteristic of the tetragonal

heterojunction and, so, presents a good solar conver- chalcopyrite structure, with a strong (204,220) pre-

sion efficiency during very long times (1,2). Several ferred orientation.

attempts were performed in order to prepare thin poly-
crystalline CulnSe2 

films by various techniques and A CdTe, CuInSe2 
is obtained at a potential less

more particularly by using electrocrystallization. A nega. e than the equilibrium potential of the less

first approach consists in preparing a Cu-In film, by nobl metal. According to the Kruger's theory (9),

alloy deposition or by alternating deposition of Gu this shift of potential would be due to the gain of

and In layers, followed by a cheicical treatment of Gibbs free energy provided b5 the crystallization of

selenization (3,4). The simultane-us codeposition of the definite compound.

the three elements was also succe:sfully achieved,
however the depsits were generalsv quite amorphous The Fig.5 presents the total light reflectance

versus the wavelength for deposits prepared at two
and required a heat treatment to irprove their crys- der e potent h f ndps pre a two

tallinity (5,6). different potentials. The bandgaps (.g5eV and 1.16 V)
evaluated from the characteristic wavelengths are

The aim of this study is ts analyse the electro- close to the theoretiri -1- .08eV).

crystallization kinetics involved 4n the simultaneous
deposition of the three elements, in order to deter- The responses of these layers used as active elec-

mine the conditions leading to the formation of the trode in a photoelectrochemical cell are presently

definite compound with a good chalcopyrite structure investigated.

(7). Considering the disparate values of the equili- References
brium potentials (Ese = -0.05V ; 

E
0. = -0.38V and

Eln = -1.06V/SSE, for c = 102M/I and pH = 2) the (1) S. Menezes
addition of a complexing agent appears to be necessary. App. Pyezet
On the base of the works of Chassaing and al (8) on (2) .Szts. Lean

copper electrodeposition, a sulfate solution contal- (21 J. Sent, D. Hanean
3. Appl. Phys• , 59, 2249 (19861.

ning citrate ions was chosen. Compound layers were
deposited at room temperature on a Ti or Ni rotating (3) G. Hodes, h. Canen

disc electrode (N = 500 rpm) and investigated by Solar Cells, 16, 245 (1986).

varios techniques as X-Ray diffraction, nE.S. Tseng
varius echnque as -Ra difracionSEMandComm . Meeting of Ileerrochem. Soc., Beston (19861,energy dispersive X-Ray analysis. The bandgap was

evaluated by spectrophotometry of reflected light. Abstract n 312.

The electrolyte solution is an acidic aqueous solution (5) R.P. Singh, S.L. Singh, S. Chandra
J. Phys., D. Appl. Phys., 19, 1299 (1986).(1.5 < pH < 4.5) of CuS

4 
(5 to l0mM/I), ln

2
(SO

4
)
3  (6) R.N. Batthacharya

(10 to 20M/1), Se02 (lOr1/l) and K
2
SO

4 
(60 to 80n/lo)

containing 20 to 8OmM/I of sodium citrate. J. of Electrohem, Soc., 130, 130 (1983).
(7) M. Froment, G. Matrin

In a preliminary step the electrodeposition of the 31st IUPAC Meeting, Sofia, July 1987.

CuIn, Cu-Se and In-Se binary alloys was explored. For (8) E. Chansaing, K. Vi Quang, R. Wiart

example Fig.l deals with the Cu-In system. Without J of Appl. Electrochem, 16, 591 (1986).

any complexing agent (polarization Curve 1) pure (9) F.A. Krger

copper is formed at first. The current tends to be J. of Electochen. Soc., 125, 2028 (1q78).

limited by Cu
+
'
+ 
diffusion. Beyond Eln = -1.06V/SSE,

In
3
+ ions are also reduced. The deposit is then a

black, poorly crystallized Cu + Cu41n + Cuqln
4 mixture.

Its pulverulent structure induces an irreversible rise
of the current. Addition of citrate (Curve 2) shifts

ECu towards negative values, lowers the plateau
current corresponding to the diffusion of free Cu

+ +

ions, and a new plateau appears beyond ' -i.45V/SSE

which corresponds to the formation of smooth and well

crystallized layers of Cuqln
4 . The formation of this

definite compound appears to be correlated with the
slowing down of the interfacial reaction by the citra-

te ions.

Polarization curves corresponding to the dep-stion
the tenry compounu are presented on Fig.2.

Without citrate (Curve 1) rhe current is not stationa-

ry because of the formation of a powdery deposit of a

CuSe
2 

+ Cu mixtire. Traces of In are detected by
mictoanatysis. After addition of complexing agent

(Curve 2) appears two plateaus. On the first one, more

il
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One-Step Electrodeposition of Polycrystalline Deposition Conditions
CuloSe2 Thin Films and Their Properties

sne films were deposited potentiostatically
F. J. Pern and R. NoufI from unstirred solution to establish the steady

state mass transfer-limited reaction condition in 30
Solid State Research Branch seconds. This helped produce good compositional and

Solar Energy Research Institute thickness uniformity. Fig. I shows the film
1617 Cole Blvd. composition as a function of deposition potential in

Golden, CO 80401 the range from -0.75 V to -0.55 V. The as-deposited
films are normally rich Sc Se (> 50 at%), which Is
reduced to ' 50 at% upon annealing in At while the

Introduction Cu/In ratio remains virtually unchanged. For making
bi-layer CuInSe films, a two- or three-potential

Pulycrystalline CulnSe2 thin films have shown method was empioyed. The potential change was
promise as a Stable semiconductor material for nomputer-controf Sod.
producing high efficiency solar cells (1,2). For
achieving low-cost, large area production of CulInSe2  Thin Film Structure
thin films, electrudeposltion is an attractive
process with high efficiency in material use and The as-deposited thin films normally have small
scalability. There has been significant efforts grains, whose size is increased upon annealing.
devoted in electrodepositing CuInSe thin films with Chalcopyrite structure is observed for Cu-rich or
varied degree of success (3,4). n this paper, we near-stoichiomerric thin films. Figure 2 shows the
discuss our efforts in the development of the one- x-ray diffraction patterns of (a) as-deposited and
step electrodeposition process. Effects of post- (b) annealed film, compared to (c) a vacuum-evapor-
annealing conditions and chemical treatments will ated CunSe2 thin film. As the film composition
also be described. becomes In-rich, sphalerite structure is observed.

Experimental Chemical Treatments

The thin films were deposited potentiostaLical- The effects of etchants on removing the
ly from a unstirred, deareated aqueous solution onto impurities from grain boundaries and on the film
Molybdenum (Mo)-coated substrates. The solution cotaposition, structure and electrical properties are
formulation and the concentrations of the key interesting. Data will be presented which will show
ingredients (Cu(Ii), In(Ill), and H2 SeO3) were how Cu-rich films are converted into In-rich films
adjusted empirically. The deposition process was upon treatment in cynide-based solutions.
controlled by a computer-based instrumentation with
a program developed to deposit either single layer ?hotVoltalc Devices
or hi-layer films with desired thickness (5). Post-
annealing was carried out in flowing argon in a tube Devices made of the annealed CulnSe, thin films
furnace. Potentials are reported vs. SSCE. were all phoovoltaically active. Their spectral

responses and performance will be presented.
Results and Discussion

References
One-Step Electrodeposithon Process

I. R. A. Mickels-n and Wen S. Chin, Proc. 16Lth
Since In cannot be directly deposited on Mn due lEE Photovoltaic Specialists Conf., San Diego,

to poor surface affinity, the one-step eleLtLodepo- CA, Sept. 27-30, 1982, IEEE, New York, 1982,
siLon metho required modification of the Mo pp. 781-785.
surface. This was accomplished by depositing a 2. R. A. Mickelsen and W. S. Chen, Proc. 7th Ict.
layer of Co and Se mixture that would provide the Conf. on Ternary and nultinary Compounds,
reactlon (deposition) sites needed for In ions from Snowmass, CO, Sept. 10-12, 1986, pp. 39-47,
Cu

2
+ and 82Se03, whose reduction potentials on Mo MRS, Pittsburgh, PA.

electrode surface are n.18 V and 0.0 V, respec- 3. R. N. Bhattacharya and K. Rojeshwat, Solar
Lively. Formation of a smooth layer of Cu and Se Cells, 16 (1986) 237.
mixture on Mo promoted the underpotentlial deposition 4. 1. Shih and C. X. Oll, Proc. 19th liEi
of In at potential as low as -0.2 V when compared to Photovoltaic Specialists Conf., New .rleans,
the reduction peak potential of -0.80 V (no In film LA, May 4-8, 1987, lEEK, Sew Sok, 1587, pp.
formation) of ln

3+ 
on Mo. 1291-1294.

5. F. J. Pern, J. Coral, R. J. Matsi., T. i.
Solution Formulation vs. Film Iluality Cessert and R. NoulI, to be puobisbI in ,,i

Cells.
The solution formulation is critical for a 6. F. J. Pern, R. NoufI, A. Mason, ap A.

ouceosful one-step elecLrodepositlon to produce Swarttlandet, Pron. 191ti Ii PhotokLaic
high quality CuinSe 2  thin films with desired SpecIalists Cof., New Orleans, I.,, May 4-8,
composition, uniformity, smooth morphology, high 1987, LiEE, New York, 1987, pp. 1295-1299.
density and good adhesion. To achieve smooth
morphology, deposition rates of Cu and Se had to he
controlled by using relatively L.w solution
concentrations of Cu50 4  and H2S0 , which also
promoted higher film density. Leveli'ng agents were
also used to further Improve the film morphology
(6). The eletrodeposlted films have also shown
good adhesion.

no
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*CHAVISM FOR THE ELECTRODEPOSITION OF CdS
FROM A NONAIUEOUS SOLIUPION

Steff'en PREUSSER
a 

and Michael COCIVERA

The Guelph-Waterloo Centre for Graduate Work In
Chemistry

University of Guelph. Guelph, Ontario NIG 2WI
(Canada)

Stotohtometrc cadmium sulfide thin films have
been successfully prepared from nonaqueous solutions
(propylene carbonate) using trlphenylstibine sulfide
(SS). cadmium perchlorate and llthium perchlorate
as a supporting electrolyte'. Using room
temperature deposition baths, CdS coatings were
fabricated that had good, reproducible solar
conversion properties. The advantage of utilizing
ambient temperatures is that the electroplating
solutius are stable almost Indefinitely (some have
been kept for over two montns). Galvanostatl.
deposition conditions were used because of the high
resistivity of the as-deposited films (-10' l*Cm).
Unfortunately the reported current densities needed
to procure uniform and stolchlometrlc films were
quite low (-100 uAmp/cm2), necessitating long
deposition times ((-2 hours). For this reason, the
e e2trodeposltion mechanism was studied to determine
conditions that permit Increased current densities
without the risk of Incorporating cadmium metal
impurities and the results are reported in the
present paper. After the first few monolayers, the
electrochemical process occurs at the CdS/solutLon
Interface. As a result, almost all of the tilm
growth is determined by the electrochemistry at this
interface. Consequently the electrodepositlon
mechanism was studied at thia Inttrface.

To daetermine if the mechanism changed with
temperature, the process was studied at various
temperatures up to 1OVlC. The kinetic order at
1006C was the same as that at 2 VC. For the
elevated temperature experiments, trllate salts
were used, due to the Instability of perchlorates at
these temperatures.

Because films of CdS containing cadmium metal
deposits are not photoactive, limiting deposition
currents were determined. The minimum current
density at which cadmium deposition begins depends
on the LTSSIL[Cd-1 ratio in solution and on the
temperature. The electrodeposition Of CdS from TSS
solution was also found to occur electrolessly at

10OOC at a very slow rate.

Reference
1. S. Preusser and M. Coolvera, Solar Energy

Materials, 1S, 175-188 (1987).
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DEVELOPMENT OF A NOVEL "GENERIC" TRIPLE SOLVENT BATH and metal hydroxides are formed in aqueous baths. In

ORELECTRODEOSITION OF METAL CALCOENIDE AND general, there exists a reciprocal relationship
"BRIGHT" METAL FILMS between "brightness"/uniformity and q and optimum

practical baths often require additives specific to

PART I: COMPARISON/CONTRAST OF PRESENT SINGLE/DOUBLE that metal (e.g. sulfamate for indium, 6-napthol for

SOLVENT BATHS tin, nitrosohalides for ruthenium). Simple, safe,
convenient, and "generic" baths superior to the

Robert D. Engelken, Sal McCloud cyanide bath would be valuable.

David Mona, Enmsett Smith lo Our previos works describe development of a

Noshang ormossji, and Wendell Wells novel, patented c mixed organic acid (e.g. propion~c
Arkansas hate University, P.O. boa 1085 acid)/H 20 bath in which [S -- > 1 M and the free H

State University Arkansas 72467 introduced by the H
2
0 dissociation of the acid

ijonesbaro), greatly increase the concentration of "free" uncom-

The Molecularly Dissolved Chalcogen (MDC) method plexed metal ions and enhances metal plating.

for electrodepositing metal sulfides and zlhu Furthermore, the low pH (0-2) shifts the standard

as pioneered 2
by Baranski and Fawcett and invest- reduction potential of thean+net-2N 5X 

2
e = N2S()iq) + SXli)

igated by us , utilizes organic solvents (e.g. 2 H+(liq) (liq) eq X-I
ethylene glycol) in which metal salts are ionically tq +liq)

soluble and sulfur and/or selenium are soluble in the to + 0.142 V 1S5E) and allows for copious N2Sformation.2
elemental, molecular, zero-valence states; e.g. S

molecules, X = 1-8. The compound film is formed gy The disadvantages of this bath are the tenden-

(I) The plating of the metal followed by rapid cies toward (1) Dendritic pure metal plates due to

chemical reaction with the double layer chalcogon the low pH and (2) Powdery metal sulfide deposits, in

and/or £2) Reduction of chalcogen molecules to anions the presence of sulfur, because of (I) and the H S

(e.g. S-) which precipitate with "free" metal ions at precipitating with free, unplated metal ions in ?he

nucleation sites on the cathode surface. The method double layer.
is versatile and valuable for depositing a wide range Thus, as discussed in Part II, a strong need
of metal chalcogenides f exists for alternate baths for convenient, fast, and

However, strong coordination complexes formed economical deposition of adherent metal sulfides or
Noweerstrng oorinaton ompexo fomedmined sulfides/tellurides or selenides.

between the solvent and metal ions limit the reFEENS

concentration of "free" metal ions as well as reduce REFERENCES

the effective rate constants/transfer coefficients. I. (a) A.S. Baranuk i and W.R. Fawcett, J. Eletro-
Thus, metal deposition is often "sluggish" in pure chem. Soc., 127,766 (1980); (b) A.S. Baranski

Thu, mtaland W.R. Fawcett, ibid., 131,2508 (1q84).
organic solvents, especially near ro" temperature and H.E. Fawcett, ibid., 132,

(T). 2
Current densities (j) may be as low as 10-100 2. (a) 8.0. Fngelbeo and N.E. McCloud, ibid., 132,

cA/cm at voltages sufficiently low in magnitude to 567 (1985); (b) R.D. Engelken, T.P.Van Doren,

avoid rapid solvent electrolysis (and bath J.L. Boone, A.K. Berry, and A. Shahnazary,

"poisoning") at anode and cathode. The increased ibid., 133,581 (1986); (c) R.D. Engelken, N.E.

viscosity of many organic solvents over that of H
2
0 McCloud, M. Slayton, and E. Smith, Extended

also reduces ionic mobility and bath conductivity, Abstracts Volume 87-1, The Electrochem. Soc.
alnoredues onicmobiityamd athInc., 715 (1987).

and increases voltage drops across the bath. Inc., 715 (1987)

Another problem with pure organic baths is that 3 See, for example, (a) V.K. (spur, N.M. Basol,
many of the anions of soluble metal salts are trouble- and E.S. Tseng, "High Efficiency, Copper Ternary

manyof he nios ofsolblemetl sats re roule-Thin Film Solar Cello" Contract Number DE-ACO-2-
some. For example, chlorides tend to form dendritic, ThCn1Fil3 Solar Eergy Reseach Nu e,

powdery deposits, especially with pure metal plates. 83CH0093, Solar Energy Research Institute,

Nitrates drastically decrease cathode current Golden, CO, 1987; (b) G. Hodes and D. Cahen,

efficiency and perchlorates are hazardous and them- Solar Cells, 16, 245 (1986); (c) R.D. Engelken,

selves cathodically reduced. Organic anions are sub- "Formation of Large Grain, Photovoltaic-Grade

ject to electrochemical modification and often CulnSe Thin Films Via Electrodeposition of

chelete the metal ions and inhibit deposition. The Separde Elemental Layers and Subsequent Anneal-

"perfect" anion, sulfote, is rarely useable since ing", Final Report-1987 NASA Lewis Research
most metal sulfates are relatively insoluble in pure Center S'mner Faculty Fellowship; (d) R.D.
organics Engelken, H.E. McCle,id, E. Smith, D. Moss, and

Molecular chalcogen is itself only moderately H. Hormasji, "Formation of Metal Chalcogenides

soluble in most organics near room T. For example, Such as CoInS 2 
by Resistive Flash Annealing of

the solubility of sulfur in ethylene glycol is of Electroplated Metal Layers in Electrochemically

order I0 M at room T. In-Situ Generated Nonmetal Hydrides Such as

At the other extreme, molecular, unionized HS", Exten cd Abstracts Vol. 88-1, The Electro-

chalcogen is not soluble in pure aqueous solutions so chemical Soc. Inc., 1988; (e) P.D. Engelken,

the MDC method is not readily applicable. Further- N.E. McCloud, E. Smith, 0. Moss, N. Sanders, and

more, aqueous solutions tend, in the absence of H. Hormasji, "Formation of Semiconductor Metal

chelating or brightening agents (e.g. CN ), to yield Sulfides Via In-Situ Electrogeneration of H2S
large-grained, mat-like metal deposits rather than and Subsequent Reaction with Resistively Seated

mirror-smooth plates wit, microscopic uniformity, as Metal Films/Foi1s," Abstracts Volume of the 1988

often desired in semiconductor applications. Indus- Spring Meeting of the Texas Section of the
trial sulfate-based plating baths often require American Physical Society, March, 1988.

brightening agents to be effective. 4. (a) R.D. Engelken and H.E. McCloud, Bull. Am.

For example, one area where absolutely uniform Phys. Soc., 29, 1501 (1984); (b) R.D. Engelken,

metal plates are needed is the formation of metal T. Martin, T. Harbi, J. Hayenga, H.E. McCloud,

chalcogenides such as Cu lSe by sequential T. Oshiro, and A. Copelin, Extended Abstracts

-letrplating of precision ihicknesses of some or Vol. 85-1, The Electrochem. Soc. Inc., 723

all of the elements f~llowed by annealing, often in (1985); (c) R.D. Engelken and N.E. McCloud, U.S.

an atmosph,. of H2 . Furthermore, j's > 100's Patent 4,681,777, 1987; (d) R.D. Engelken, H.E.

vA/cm sod high current efficiencies . 2) are McCloud, C. Lee, M. Slayton, and H. Ghoreishi

duirablo. EDTA can shift F sUfficiently J. Electrochem. Soc., 134,6962 (1987).
M i1 i. e.d Engelkcn and T.P. Van Doren, J. Electro-

negative that ' is reduced due to H20 electrolysis chem. Soc., 132, 2904 (1985).
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DEVELOPMENT OF A NOVEL "GENERIC" TRIPLE SOLVENT BATH

FOR ELECTRODEPOSITION OF METAL CHALCOGENIDE AND

"BRIGHT" METAL FILMS Chalcogen remains molecularly soluble in the

dominantly organic bath and metal chalcogenides are

PART I: conveniently plated with j's usually greater than

with pure organics. However, one key disadvantage of

DESCRIPTION OF TRIPLE SOLVENT BATH the MDC method is accented: the tendency to form

metal-rich films. That is, since higher currents

Robert D. Engelken, Hal McCloud flow at room T where the M-X reaction rate is

David Moss, Emmett Smith, relatively low, it is easy to form metal-rich films

Hoshang Hormasji, and Wendell Wells unless j's are controlled via a galvanostat. Another

interesting but troublesome effect with multi-valence

Arkansas State University state compound families is the tendency of the film

P.O. Box 1080 to "catastrophically" convert from one phase to the

State University (Jonesboro), Arkansas 72467 other. For example, green CuS films are easily

deposited at room T from 40:10:3 ethylene glycol/H 0/

Part I discussed various advantages and dis- propionic acid baths of CuNa 2EDTA and S (saturated.

advantages associated with baths presently used to However, commonly there will suddenly appear brown/

electrodeposit metals and/or metal chalcogenide,. gray "splotches" on the same substrate yielding a

In light of the factors discussed in Part I, we "mosaic" or "camouflage" pattern. It appears that

report development of "generic" mixed ethylene or random protrusions or localized j maxima/irregular-

propylene glycol, H 0, organic acid bath which ities cause enhanced electric fields that propagate

exhibits potential ?or electroplating very smooth, the protrusions and associated localized j increases

uniform, small-grained/bright metal or metal even more, causing a "run-away" copper current that

chalcogenide films, depending on whether molecular shifts the film toward thick, brown/gray Cu 2
S in

and/or ionic chalcogen is introduced to the bath, these regions and leaves the green CuD background

from metal sulfate or EDTA salts, relatively unchanged. This effect is not observed

The nominal solvent composition is, by volume, with Cu S deposition from pure glycol solutions (Ref.

40:10:3 glycol: H20: acid. Each liquid plays an 2a-FartxI).
importsint role. Without H 20 to ionize the acid, the bath acts

The water allows dissolution of the metal sul- very similar to the pure glycol baths and yields

fates which have a very low solubility in pure smooth/uniform metal sulfide films. However, the

glycols. The bath is saturated with sulfate salts large S solubility in propionic acid (- I M) changes

and the excess lies at the cell bottom. Stirring to gross solubility to - 0.1 M, dependi, on the

produces a turbid bath due to the suspension of solvent ratios. Oddly, > 50% of pure acid tends to

undissolved salts but this has no detrimental effect impede deposition and plating is difficult out of

on the electrodepositcou. -,re anhydrous acids. Near the 50%/50% Nix, very

The water/acid combination allows acid ioniz- scoicniometric metal suk-u-c are deposited due to
ation and lowered pl';; Withiet the 2

0, the aeic, the acid S "loading".

propionic, or butyric acid do not ionize to any Probably the greatest utility of the triple

appreciable extent. The H minimizes the coordin- solvent ath is its ability to yield mirror-bright

ation/complexing of the metal ions by the solvent, plates of a wide range of pure metals by use of

thus, progucing much less sluggish deposition and j's readily available and trouble-free sulfate and/or

> I mA/cm it =ost cases. Also, bath conductivity EDTA salts. Outstandingly uniform copper plates are

salts are not nedeld. The HO also provides for 02 produced from 0.1 M CuNa 2ETA baths of 40:10:3 etb-

evolution at inert anodes and circumveni serio'i lone glycol/H 2
0/propionic acid baths. 80:20:3

solvent breakdown. nt res containing (In) (SO.), have just recently

The glycol serves as a brightening agent since been developed to yled indium plat'.L -. . .

it is the majority solvent. Simple HO/organic acid terms of brightness) to even those of sulfamate

baths tend to yield powdery, dendriti plates with baths, albeit at lower current efficiencies. Prelini-

sulfate baths, but mirror-bright metal plates are nary work with Sn5O 4 
in the 40:10:3 bath ind;catz.

producea in the triple sol;ent baths, bright deposits hut thei, is a tendency towa d

The glycol, through the dilution effect, also dendrites near the substrate corners and us of tiu

serves as a pH moderator; i.e. relatively large anodes rapidly changes the deposits to a piwdory

organic acid additions can he accommodated without a form, presvably due to different tin ion terms,

tremendous decrease in pH. Thus, the glycol serves perhaps Sn . Other metals are under invest igation

as a physical, rather than chemical, buffer. There with encouraging results.

is no indication that glycol-acid (analogous to Thus, this bath type is useful for fabrication

alcohol-acid) reactions occur near room T and the of unifarm/homogcneos semiconductor films via

baths are very stable. sequential plating of the pure elements followed by

Another key advantage of the propylene glycol/ annealing. It should also prove useful for

H2 0/propionc acid solvent is its extremely low conventional electroplating of otiform/bright metal

toxicity; both propylene glycol and propionic acid alloys and conventional underpotential deposition ,f

are common food/cosmetic additives. semiconductor compounds (Rof. S-Part I). The bath i

EDTA an a complexing agent prd-s an addit- especially attractive for deposition of mined
tfor metals sob as capper. sulfide/telluride (e.g. Cdl Te ) films from bath,ional brightening effect I-neas uha cp:r

The acid shifts the complex dissociation equilibria of TeO
2 

and molecular sulfur. -

more toward the free ion, thus, increasing i while

still preserving bright deposits not containing oxide ACKNOWLDGMENTH

or hydroxide contaminants, as form in neutral aqueous
solutions at high j. Since many metal-IOTA complexes This work was supported, in part, by the NASA

are soluble in pure organics (e.g. (CuNa EDTA( Lewis Research Cent-r, the A ll Eccoomit Dcvhc spnt
- 0.1 M in ethylene glycol), the EDTA also tends to Commttee/Ponds, and National Science Fonda:is

increase metal ion concentrations sver that with scant HM 617850. We especially thank Dr. Doui

nilfate ."It-. nt A sod Dr. Sh lia Bileo for thir , e .
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with surface analyses, and LTV for access to surface
analysis instrumnentaton.

PHOTOELECTROCHEMsISTRY 
AND SURFACE

ANALYSES OF ELECTRODEPOSITED SnS THIN REFERENCES
FILMS

N. Kh. Abrikosov, V. P. Bankina, L. V.

K. Mishra and K. Rajeshwar* Paretskaya Y.. E. Shelimova and E. V.
Department of Chemistry Skudnova, "Semiconducting II-VI, IV-VI and V

The University of Texas at Arlington VI Compounds" (A. Tybulewicz, Engl.
Arlington, Texas 76019-0065 Translation, Editor), Chap. I, p. 65, Plenum,

New York (1969).
Among the metal chalcogenides, the Il-VI

compounds (e.g., CdTe) and layered materials (e.g., 2. K. Mishra, K. Rajeshwar, A. Weiss, M. Murley
MoS2) have received the most attention from a and R. D. Engelken, to be published.
photoelectrochemical (PEC) perspective. In the search
for new semiconductor candidates, both for energy
conversion and for other (e.g., photoelectrosynthesis)
applications, we describe in this paper the
characterization of a relatively new compound
semiconductor, namely SnS. This compound is a
member of the IV-VI family (I), which has been less
extensively examined.

Compound semiconductors have been
electrodeposited either by an anodic technique, involving
the (reactive) metal anode and chalcogenide anions, or by
the cathodic co-reduction of the metal ions and the
oxidized chalcogenide species. A variant of the latter
method involves the use of molecular chalcogen in an
organic bath. This discharges then only by chemical
reaction/precipitation with the plated metal. The SnS thin
films in this work were prepared at Arkansas State
University by this new technique (2). The advantage
with this method is better stoichiometric control in that
excess metal may be dissolved away by appropriate
control of the cathode potential.

Photoelectrochemical measurements are
described using chopped-light band-gap illumination of
the SnS thin-film electrodes, which were supported on
transparent indium tin oxide. The shape of the
photocurrent spikes is discussed within the context of the
p-type conductivity of the SnS thin films. Experiments

with secral redox .ouplzs including Fc(CN)6
3
", S20g

2
.,

Eu
3 + 

and Cu
2
1 are described. Using these data, the

surface energy levels of SnS are mapped. Photoaction
spectra are presented and the derived information
compared with optical measurements.

Pourbaix diagrams have been developed for the
SnS-H20 system at 25°C. Using these and the PEC
data, the photocorrosion behavior of SnS is discussed.
The presence of significant levels of 0 in the SnS as
detected by surface analyses is attributed to incipient
corrosion of the thin film. Auger and X-ray
photoelectron spectra are presented for the SnS thin
films, as well as semi-quantitative estimates of the Sn:S
ratio in the as-deposited thin films, as probed by surface
analyses.
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Electrodeposition of Semiconductors: A Panel/Audience-

Participation-Based Session to Survey and Define the

State-of-the-Effort and Future of Electrodeposition

of Compounds and/or Semiconductors.

R.D. Engelken

Arkansas State University, P.O. Box 1080

State University (Jonesboro), AR 72467

V.K. Kapur, International Photovoltaic Systems

9540 Donna Ave., Northridge, CA 91324

R.D. Rauh, EIC Laboratories, Inc.,

ill Doswney St., Norwood, MA 02062

This hour-long session will be moderated by the

organizing and session chairman of the symposium

"Electrodeposition of Semiconductors" and involve

active audience participation in a "rap/brain-

storming" session to survey and define the s'are-of-

the-effort, key problems/opportunities, and future of

electrodeposition as a means to produce compounds

and/or semiconductors. Another objective of the

session is the acquaintance of experts in this broad,

interdisciplinary field to increase future cooper-

ation/collaboraton in compound electrodeposition and

related fields.
The topic dicossed will include, but not

necessarily be limited to, those outlined in the Call

for Papers: I. Techniques for in situ characteriza-

tion and control of deposition kinetics and thc

deposit (stoichiometry, morphology, carrier type,

etc.): 2. Theoretical analysis, modeling and simul-

ation of compound electrodeposition processes: 3.

Parameter modulated processes including voltage and

current pulsing and illomination, temperature, mass

transport, and magnetic field vatiations; 4 Nov,
1 

or

hybrid techniques, such as sequential element depos:-

tion/annealing or -nodic deposition, especially

"forgiving" or feedback-based techniques: 5. Novel

electrolytes, such as organics and fused salts, and

practical advantages: 6. Crystallization kinetics and

methods to improve crystallization, morphology, and

adhesion: 7. Pre-and post-treatment of substrate and

deposits: 8. New materials, especially Ill-V, ter-

nary, and phosphide compounds, and new applications

such as optical filters, superconductors, electro-

chromic devices, corrosion inhibitors, catalysts,

lubricants, and battery materials: 9. Doping of

electrodeposited semiconductors: 10. Economic,

safety, and commercialization considerations.
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The titanium electrode with its indium film
PREPARATION OF InX (X-P, As, Sb) THIN FILMS was put in a test tube which contained

BY ELECTROCHEMICAL METHODS 50-100mg of red phosphorus. The tube was

sealed under moderate vacuum with Bunsen
J. Ortega and J. Herrero flame. The sealed tube was annealed at

Instituto Energias Renovables. CIEMAT 400*C for 3h in order to obtain InP. The
Avda. Complutense, 28040 MADRID, SPAIN film obtained was polycrystalline InP face

centered cubic, and the diffractogram

showed very sharp lines, indicating a good
At present time it becomes desirable to crystallinity.

apply to III-V compounds some of the
electrochemical preparation and Routine characterization of the InP
characterization techniques, which have obtained, I-V curves, carried out in a PEC,
proven useful for II-VI semiconductor 0.5M HCL, has served for determing that the
compounds (1,2). While the conductivity of the samples was n-type and
photoelectrochemical techniques has been the onset of the anodic photocurrent occurs
used for characterization of the III-V about -0.5 V vs. SCE.
semiconductor compounds, their

electrochemical preparation has not been Mott-Shottky measurements were carried out
very well investigated. GaP, InP and GaAs in 0.5 M HCl solution under potentiostatic
have been electrodeposited from fused salts conditions in order to determine the
(3). flatband potential, energy of the Fermi

level. The Mott-Shottky plots showed a
In-Sb alloys haven been electrodeposited linear behaviour in the frecuency range of
from a variety of electrolytes (4), but the 0.5-5 KiHz and the flat band potential
electrodeposition of In-As compounds obtained was -0.42 + 0.09 V vs. SCE.
heretofore have not been carried out

satisfactorily. The photoelectrochemical spectra response

of the InP samples gave a value of 1.29 eV
We have electrodeposited thin films of InSb for the bandgap and showed to be a direct
onto titanium substrate by potentiostatic )ne.
technique from a citric bath. The films The determination ot the samples

were very adherent and polycrystalline, stoichiometry was performed by dissolution

face-centered cubic InSb. in concentrated HNO 3 and susequent atomic

absorption analysis.

Nevertheless, the InAs electrodeposited

from a citric bath, by potentiostatic The possibility of a suitable doping during

technique was amorphous and showed the In electrodeposition step and the

photoelectrochemical activity during the simplicity of the phosphorization process

electrodeposition process. The amorphous make interesant this preparation of InP.

InAs films annealed at 400-C for 30 min.

passed to crystalline form, face-centered REFERENCE.

cubic InAs. (1) J.Herrero and J.Ortega, Sol. Energy

Mater., 16 (1987) 477.

InP thin films can be prepared by (2) To be published in Sol. Energy

phosphorization of electoplated indium Mater.

films. Indium thin films, 1-5 um, were
obtained galvanostatiquement from a citric Elecuom an. 133.(1986) 75.

bath onto titanium subtrate. Electrochem. Soc., 133 (1986) 755.

(4) Y.N.Sodana and J.P.Sigh, Plating and

Surf. Finishing, 12 (1985) 64.
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ELECTRODEPOSITION OF INDIUM ANTIMONIDE (3) Effects of solution compositioni SEMICONDUCTOR FROM AQUEOUS ELECTROLYTESS The composition of the solution also affected the
composition of the des)osits. The higher the In content of the

Toshikazu Okubo solution, the more In the deposit contained.
Electronic and Specialty Metals Group

Nippon Mining Co., Ltd. (4) Effects of agitationTokyo, Japan Mass transfer effects were minor. Increasing the rotationand rate increased the cathodic current density and decreased the
coutent of In in the deposits, but the extent of the change was

Uziel Landau small, except for no agitation at all.
Department of Chemical Engineering

C,.se Western Reserve University B. Morphologv of the deposits
Cleveland, Ohio 44106 The deposits containing less than 55-60% of In had

smooth shinny and silver appearance, but they became brittle as
Indium aitimonide belongs to the class of III-V their thickness increased, especially in cases where .he In

compound, semiconducors which are technologically significant. content was close to 50%.The deposits containing more than
InSb is traditionally obtained by vapor-phase deposition or by 55-60% of Inhowever.had black rough and mat appearance.
growth front a liquid phase. This paper presents the
development of a new process for direct electrodeposition of C. Characterization of In/Sb deposits with 1:1 composition ratio
semiconiucting. lnSb from an aqueous solution. Potential
advantages of this process include lower initial capital and (1) Preparation of In/Sb=I/l deposit
operating costs, and possibly better control of the
semiconcluctor composition. An Indium antimonide deposit with 1:1 atomic ratio could

be obtained by controlling the solution composition at an
EXPERIMENTAL PROCEDURE almost constant pH value of 2.1- 2.2.

Tyfical conditions are as follows:
Electrodepositon was mainly performed under ln/Sb= 0.54/0.46 (mol.ratio) in the electrolyte

Jxitentiostatic contro, in a beaker using magnetic stirrer. To citric acid + sodium citrate = 1.427 mol/iL
quantitatively characterize mass transfer effects, rotating disk pH- - 2.2
electrode (RDE) experiments were also performed. Pt plate was ambient temperature z 250C
used as the counter electrode.Copper was used as the substrate -0.8 V(vs.Ag/AgC1)
for plating. Magnetic stirrer agitation

rhe electrolyte is nade of InCls,SbCl3,citric acid
(Il3C61157O)and sodium citrate (Na3C6HsOr). The relative The current density was 25 mA/cm and the current
concentration of the components was varied to investigate the efficiency for deposition was 97%.
effects of pi1 and composition of In and Sb ions, but the sum of
InCI and SbCI1 concentration, and citric acid and sodium (2) Structure of the deposit
citrate concentration was always set at 0.344 mol/L and 1.427
moi/l, respectively. X-ray diffraction of the deposit as plated on stainles steel

The composition of deposits was analysed using energy substrate under the condition described above indicated that
dispersion spectroscopic techniques. the deposit was amorphous. After annealing at 350oC,lh in N2atmosphere, a crystalline film was obtainel indicating peaks

RESULTS corresponding to InSb on the diffraction pattern.

A. Effects of the dposition parameters on the deposit (3)Thermai dependence of electrical resistivity
composition

The resistivity of the electrodeposited InSb film (5hmFig.t shows the relationship between the potential and the thick)was measured at various temperatures after remova ot
dep,:'it coMposition plated from solutions in which the ratio of the Cu sabstrate. Fig. indicates that the film resistivity
ln/Si and pit w-re varied, decreases with increase of temperature indicating semiconductor

Fig.2 and 3 were obtained using RDE in - solution where behavior. The resistivity values measured were somewhat larger
ln/Sb ratio was I/I and the p

11 
was 2.2. The effects of mass than spec:,Sc values of lnSb,

transfer on the cathodic current and the composition of the probably because the film had soens cracks du, to brittleness.
deposits are noted. Following is a brief discussion of the effect of
various parameters.

(1) Effects of potential

The deposit composition was not affected much by the
potential in the region more negative than -0.8V
(vs.Ag/AgCI),although the cathodic current increased with
increasing negative polarization. Hydrogen evolution took place
at -1.0- -1.2 Vfss. Ag/AgCl),but the current efficiency of
deposition of In and Sit was still high; 85% at
-I.2V(vs.Ag/,%gCi) in the solution of In/Sb=/l and pH 2.1.

(2) Effects of p1!

pit changes were effective in controlling the composition
of the deposits. The higher the pit was, within thL pit range of
2--5,the stualler the amount of In the deposit contained.
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Abstract No. 377
release this monolayer of oxide from the metal surface

ELECTROCHEMICAL OXIDATION OF A to the growing hydrous oxide film.
Ni-BASED AMORPHOUS ALLOY

V.I. Birss and K. Lian As the hydrous oxide film thickness increases at

Department of Chemistry, University of Calgary these amorphous alloy electrodes, a significant
Ceagat h sry, Alberta, rsitya of 1 y hysteresis develops between the anodic peak (or
Calgary, Alberta, Canada T2N 1N4 current transient) and the cathodic peak (or i/t

response). In the cyclic voltammegram, the anodic
I T peak becomes very sharp and narrow, while the cathodic
INTRODUCTION peak remains broad. In the chronoamperometric

response, the anodic transient frequently displays a
The electrochemical formation of microporous, peak, while the cathodic i/t response is typical of a

hydrous oxide films at metals such as Ir, Rh and Co diffusion controlled reaction. These effects are
has been studied in some detail by a number of previ- influenced dramatically by the potentials utilized,
ous workers (1-3). These oxides possess electro- and the time spent at these potentials. These
chromic properties and also appear to have applica- observations have been interpreted in terms of the
tions as battery electrodes and in electrocatalysis. injection of ions (and solvent) during the oxidation
The oxidaton/reduction of these oxides occurs by a step, and hence film swelling, and de-swelling of the
change in the oxidation state of the metal sites with- oxide during oxide reduction. These results are very
in th3 oxide film. Charge transfer is believed to similar to those observed at particular redox polymer
occur by a metal site-to-site electron hopping covered electrodes (5,6)
mechanism, with charge neutrality being maintained
within the oxide film by the injection/expulsion oT Another unique aspect of the electrochemical
appropriate counter ions. These processes are behavior of these hydrous oxides is that the cathodic
relatively rapid, and hence hydrous oxide electro- charge passed during chronocoulometric measurements is
chemistry is generally kinetically reversible, significantly less than the oxidation charge. These

We have previously reported that a hydrous oxide results will be discussed in terms of
disproportionation reactions occurring within the

film can be formed at amorphous Ni-Co alloy electrodes oxide during film reduction, brought about by
(4). The electrochemical behavior of these alloy differences in pH in various regions of the oxide.
electrodes displays characteristics which are a mix- These non-steady-state effects support the notion that
ture of those observed at crystalline Ni and Co these hydrous oxides are flexible and gel-like in
electrodes. In this paper, the mechanism of hydrous nature and could be described as inorganic polymeric
oxide deposition and build-up is discussed. Also, the materials.
electrochemical properties of these oxide films will
be shown to be very similar to those of redox polymer
electrodes, i.e. involving the swelling and de-swell- REFERENCES
Ing of the oxide film as ions and associated solvent
are injected into, and expelled from the oxide film, 1. P.G. Pickup and V.I. Birss, J. Electroanal.
respectively, during its oxidation and reduction. Chem., 220 (1987) 83.

2. D.N. Buckley and L.D. Burke, J. Chem. Soc. Far.
EXPER IMENTAL Trans. (I), 71 (1975) 1447.

Cyclic voltammetry and chronoamperometry were 3. L.D. Burke and E.J.M. O'Sullivan, ibid, 93 (1978)
carried out using a glassy alloy ribbon, having the 11.
composition of Ni5 1Co23Cr5 oMo7 Fe5 .5B3.5, as the work-
ing electrode. The reference electrode was either a 4. K. Lian and V.I. Birss, Proc. of the Fall
reversible hydrogen electrode (RHE) or the SCE. Most Meeting, Electrochem. Soc. Inc., Honolulu,
experiments were carried out in 1 M NaOH, and Hawaii, October 1987.
solutions were deaerated with argon before and during
the course of the experiments. All experiments were S. P. Daum and R.W. Murray, J. Electroanal. Chem.,
conducted at room temperature. 103 (1979) 289.

6. A.M. Schroeder, F.B. Kaufman, V. Patel and E.M.
RESULTS Engler, ibid, 113 (1980) 193.

Hydrous oxide films can be deposited at Ni-based
glassy alloy electrodes by either potential cycling or
pulsing between particular limits of potential. The
rate of growth of the oxide increases as these limits
are extended, and a maximum amount of oxide,
equivalent to ca. 0.12 ± 0.02 mC/cm

2
, can be deposited

per cycle of potential.

Analogous to the case of the growth of Ir oxide
films at crystalline Ir electrodes (1), this result
indicates that a maximum of one complete monolayer of
hydrous oxide film can be deposited per cycle of
potential. The fact that the maximum growth rate per
cycle is one monolayer, and that critical potential
limits mst be reached for this growth to occur, is an
important clue to the mechanism of hydrous oxide
growth. It is considered that a critical positive
potential limit is required in order to oxidize the
surface (one monolayer) of the underlying metal
surface to a sufficiently high oxidation state. A
critical lower potential limit Is required in order to
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USE OF A SULFUR POWDER BATH TO FORM METAL an argon atmosphere and halting chalcogen-
SULFIDE FILMS FROM FLASH ANNEALED ization. Another key factor is the thermal
ELECTRODEPOSITED METAL LAYERS insulation provided by the sulfur powder and

subsequent resolidified cylindrical sulfur
Robert D. Engelken, Hal McCloud, "doughnut" around the foil. This allows,

Lawrence Mink, David Moss, with the same current values, higher
Enmnett Smith, and Wendell Wells temperatures to be obtained.

P. 0. Box 1080 (8) To prevent elemental sulfur condensation on
Arkansas State University the foil as it is cooled, the cell is finally

State University, Arkansas 72467 repurged with argon to displace all sulfur
vap8 r from the growing void. Since m.p.

Recent worksl1
2
a have indicated that large- 110 C and b.p = 445 C, the only way the

grain metal chalcogenide films can be produced by sulfur can discharge on the film at high

sequential electrodeposition of some or all of the temperature is through reaction with the
elements of the compound followed by annealing, plated metals. Thus, S-richness is
often in an atmosphere of H X In the case of Se precluded.
and Te, the "nonmetal" can itself be plated along (9) In nearly all cases, notably with Cu/In,
with the metal(s) and subsequent annealing large-grain polycrystalline compound films
homogenizes/reacts the elemenin to form the (CuInS ) are produced. Some problems with
compounds. Our previous work demonstrated the multipe phases (e.g. Cu S CuS, InS, 1n2S ,
utility of (1) In-situ electrochemical formation of In S ) might be anticipated but careful
the H X from a novel mixed organic/H 0 electrolyte control of all experimental conditions
and (i) High speed resistive flash agnealing of high precludes this.
m.p., relativity inert, and thin (<O.E mm) substrate (E0) The remaining sulfur (most still in powder
ribbons" such as Mo, Ta, and graphite, form) can be recrushed with mortar and pestle

We now report investigation of a deceptively and used again. Thus, in addition to being
"simple"/obvious variation of the sequential convenient and fast, the technique is
electroplating/chalcogenization/annealing method to material-conserving. Also the much lower
form semiconductor compounds. toxicity of S vapor oVcr H S and easy scale-

The method involves the following steps. up to large lengths and arias make the method
(1) The metal(s) (cations) of the desired compound attractive.

are sequentially electroplated onto ribbon
(e.g. I cm x 6 cm) in precision thicknesses Although, at the time of this writing, we have
controlled via I-t product and chronogalvano- not conducted the analogous experiment with
static/potentiostatic determination of current selenium, its low m.p. (217°C) and b.p. (6850C)
efficiency. For example, a stoichiometry- indicate that the method should work equally well,
matched Cu/In/Cu structure can be sequentially although there is much more hazard associated with
plated from novel mixed soivent baths selenium powder than with sulfur. Thus, this
described in another paper of this symposium. "obvious" method should have practical utility for

(2) The entire ribbon is mounted/connected to economically and conveniently forming polycrystal-
heavy binding posts bu4 droops between the ine metal chalcogenide films, as it presently has
posts in a "U" configc tion. for doping preexistent semiconductor films with

(3) Fine-meshed sulfur pow,-r is poured over and Group VI elements.
around the "valley" of the "U" (i.e. the lower
center of the ribbon) and agitated to remove REFERENCES
voids. 1. See, for example, (a) V. K. Kapur, B. M. Basol,

(4) After covering the foil with sulfur, the and E. S. Tseng, "High Efficiency, Copper
annealing vessel is tighlly closed and purged Ternary Thin Film Solar Cells", Contract DE ACO
with argon for several minutes to completely 2-83CH10093, Solar Energy Research Institute,
displace 07 from the sulfur powder. Golden, CO, 1987; (b) G. Hodes and D. Cohen,

(5) The argon s shut-off and large currents Solar Cells, 16, 245 (1986).
(e.g. 10-35 A) are applied to the ribbon and 2. (a) R. 0. Engelken, "Formation of Large-Grain
rapidly (seconds to minutes depending on Photovoltaic-Grade CuInSe Thin Films via
/I/and /dI/dt/) heat it to 100's of C. Electrodeposition of Separate Elemental Layers

(6) The sulfur adjacent to the submerged foil and Subsequent Annealing", 1987 NASA Lewis
rapidly melts and vaporizes. The molten and Research Center Summer Faculty Fellowship Final
vaporized sulfur reacts quickly with the hot Report; (b) R. 0. Engelken, H. E. McCloud, E.
plated layers to form the compound with a Smith, 0. Moss, H. Hormasji, and N. Sanders,
stoichiometry depending upon (1) The relative "Formation of Metal Chalcongenides Such as
metal molar ratio (in the case of ternary or CuInS By Resistive Flash Annealing of
higher-order compounds), (2) The existent Electoplated Metal Layers in Electrochemically
phases possible, and (3) The rate and extent In-Situ Generated Nonmetal Hydrides Such as
of metal-S reaction through the temperature, H S", Abstract 80, The Electrochemical Society
total plated layer thickness, cell volume, S E~tended Abstracts Series 88-1, 1988.
depth, etc. In almost all cases, thin films 3. R. D. Engelken, H. E. McCloud, 0. Moss, E.
(n I micron) are completely chalcogenized Smith, H. Hormasji, and W. Wells, "Development
within minutes. Copper, with its huge reaction of a Novel 'Generic' Triple Solvent Bath for
rate with sulfur, forms gray Cu 2xS within Electrodeposition of Metal Chalcogenide and
seconds. 'Bright' Metal Films", This Volume:

(7) The closed cell prevents S vapor from leaving, Electrochemical Society Extended Abstracts 8-2,
so even though solid and molten sulfur 1988.
"migrate" radially away from the substrate,
this void is filled with S vapor. If the cell
is not sealed, especially with a continuing
argon purge, S vapor leaves the void growing
around the ribbon, leaving it surrounded by
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Electrochemical polymerization was carried out at 100C under nitrogen
of thiophene containing an ether atmosphere in a three-electrode two-

linkage at the 3-position compartment cell using a platinum anode.
D Mukherjee Details of electrochemical polymerization

of the monomer A are given in the follow-
Department of Chemistry ing table. All electrolyte (tetraethyl-
lIT Kharagpur 721 302 ammoniumtetrafluoroborate) and solvents

India
were dried and distilled prior to electro-

Recent years have seen a literal explo- lysis. The optimum current density 5 or
electropolyme-ization was 2.8 mA cm-sion of interest in the area of De conductivity measurement of the

conducting polymers (1,2) and increasing oxidized polymer was obtained on a free-
interest has been paid to those derived standing film that had been peeled off
from heterocycic monomers (i,3 . the anode using a four-probe technique.
Although most of the studies have been High conductivity (10-3 S cm-1) was
devoted to polypyrroles, extensive work obtained reproducibly for the present
on polythiophenes (6) has also been polymer. The polymer was found to be
described. The potential applications insoluble in common organic solvents and
for most of these new polymers in the
field of conductors, organic batteries stable up to 16000.
(7,8) and display devices (5) are, Solvent Concn.of Concn.of Conductivi-
however greatly impeded by their high monomer electrolyte ty
reactivity towards oxygen and moisture (molar) (molar) (S m

1
)

which requires constraining experimental
conditions such as argon controlled PhN02 0.1 3 X 10

-
2 6 X 10

- 3

atmosphere and a highly purified medium. 
2

The development of a stable polymer which CH2012 0.1 3 X 102 8 x i0-
3

could be reversibly doped and undoped CH30N 0.1 3 X 10-
2  

4.5 X 10
- 3

under very rough conditions would repre-
sent a very attractive goal, given the References
large area of applications. I "Handbook of Conducting Polymers",

Our aim was to synthesize a novel polymer T A Skotheim, Editor, Marcel Dekker,
which would have as its backbone an (1986)
electron conducting conjugated carbon 2 J B Frommer and R H Chance, in
chain, as in polyacetylene or polypyrrole, "Encyclopedia of Polymer Science and
but the pendant moieties would have the Engineering", M Grayson and J Krosehw-
polar characteristics required for ion itz, Editors, Wiley, (1987)
solvation and conduction. The polar
groups would also increase the solubility 3 A P Diaz, Chem. Scrip., 17, 145(1981)
of the polymer in polar organic solvents, 4 W D Gill, T C Clarke, and G B Street,
thus giving the polymer an important Appl. Phys. Comm., 2, 211(1982)
processability advantage over mpst poly- A
conjugates yet reported. 5 G Tourillon, and F Garnier, J.

The present report describes the poly- Electroanal. Chem., Ia3. 173(1982)
merization of a^3-substituted thiophene 6 P Ganier and G Tourillon, J.
derivative, , where R contains Electroanal. Chem., 148, 299(1983)
suitably disposed wther oxygens which 7 P J Nigrey, D Mclnnes, P D Nairne,
could provide solvation for the cation. A G MacDiarmid, and A J Heeger,
The original thiophene monomer was J. Electrochem. Soc., 128. 1651(1981)
prepared as shown in the following
reaction scheme : 8 S Chao, and M S Wrighton, J. Am. Chem.

H3C O.CH2 CH2.0.CH2 CH2.O.CH2 0H2 OH Soc., 109, 2197(1987).

pyridine I SOC12

H3C 0 CH2 C2 0 CH2 CH2 0 CH2 CH2 OC1

HCH2O0
+ H3C 0.CH2 CH 2.0CH2 CH 2 0 ,CH 2 "H 2 0 C l

TH? i NaH

H2CH2 .0.CH2CH2.0.082CH2.0.0H20H20CH3
(F? A

Compound A was obtained under nitrogen
atmosphere in refluxing condition. All
monomers gave satisfactory analytical
and spectroscopic data. Polymerization
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POLYANILINE / WO, ELECTROCHROMIC CELL polyaniline reversibly changes from
transparent light yellow in the reduced state

Takashi Yoshida, Katsuaki Okabayashi to blue in the oxidized state. On the other

Takahiko Asaoka and Katsushi Abe hand, WO% changes its color reversibly from

transparency in the oxidized state to light

Toyota Central Res. & Dev. Labs. Inc. blue in the reduced state. Hence, the

Nagakute-cho, Aichi, Japan combined color change in total is transparent
light yellow to dark blue, which is observed

Introduction in a visible spectrum as shown in Fig.2.

The application of conducting polymers to Optical density : The change in optical

electrochemical devices has been sought in density ( i OD ) accompanied by the color

many research field since the electrochemical change is defined as -log I/Io, where I. is

doping and undoping of polyacetylene was the transmissivity in the bleached state and I

discovered in 1978. One of the promising is that in the colorized state. OD changes

application seems to be as a battery linearly with the injected charge as shown in

electrode. We have carried out our research Fig. 3. The coefficient of the slope, the

on conducting polymers with the intention of colorizing efficiency, is 0.06 cm'/mC in the
clarifying the possibility of using the duplicated cell, which is nearly twice the
material as the positive electrode in a value obtained at each independent electrode.

lithium secondary battery and found that Response : When 1.5 V is applied to the

polyaniline has superior performance compared 5 X 5 cm' cell in the bleached state, the

with other conducting polymers, such as transmissivity changes from 80 % to 30 %

polyacetylene, polythiophene or ( A OD = 0.4 ) in a second and from 80 % to 4
polypyrrole [1]. In brief, polyaniline shows a % ( A OD = 1.3 ) in 1 minute as shown in

higher stability in deep charge / discharge Fig.4.
repetitions and less self-discharge than other Cycle life Repetitive bleaching and

polymers in nonaqueous electrolytes. colorizing were carried out by applying 1.5 V

On the other hand, it is well known that and -1.5 V to the cell and alternatively
conducting polymers generally show holding the cell at each potential for 1

electrochromic properties. As for second. The change in A OD during the test
polyaniline, electrochromism in an acidic was compared with the initial value, A OD =

aqueous electrolyte was first reported by Diaz 0.4. The cyclability of the cell reached

and Logan [2]. Kobayashi et al. later nearly 100 times as shown in Fig. 5. If an

reported[3] the detailed electrochromic aqueous HCIO, solution was used as the

properties of polyaniline in aqueous electrolyte instead of LiClO, / PC, the cycle
electrolyte and identified the color changes life decreased to 103 times, because

as transparent yellow green dark blue dissolution of ITO film and deterioration of
;black. However, the electrochromism of the polyaniline film occurred in the acidic
polyaniline in nonaqueous electrolytes has not electrolyte.
been revealed yet. Memory characteristic : The bleached ( 80

We found that a thin film of polyaniline % transmissivity ) and colorized ( 30 %
formed on ITO glass also shows a stable transmissivity ) cells were left at room

electrochromic reaction in the nonagueous temperature for two days and the variation in
electrolyte of LiClO, / propylene transmissivity was measured. Both
carbonate(PC) or LiBF, / PC system as in transmissivities scarcely changed during that
aqueous electrolyte. The result has led to period as can be seen in Fig. 6.
the development of a duplicated new
electrochromic device consisting of These results may suggest practical
polyaniline / WO, which is summarized in this applications of the polyaniline / WO,
abstract. electrochromic device for non-glare mirrors or

light controlling glasses.

Cell construction
A 6000 A thickness polyaniline film was

electropolymerized onto ITO glass from an
aqueous solution of 0.2M HCIO, containing 0.1M
aniline monomer. A W03 film was formed on the References
ITO glass by an ordinary sputtering method. [1] F. Goto, K. Abe, K. Okabayashi, T. Yoshida

The two electrodes with the glass were and H. Morimoto, J. Power Sources 20,
assembled as shown in Fig.1. IM LiCO, / PC 243(1987)
solution was used as the electrolyte. (2] A. F. Diaz and J. A. Logan,

J. Electroanal. Chem., 111, 111(1980)

Results t3] T. Kobayashi, H. Yoneyama and H. Tamura,
Visible spectrum : The color of J. Electroanal. Chem., 161, 419(1984)
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Electro-Optic Sampling of Integrated Circuits and Devices CK line is active. Fig. 4(c) shows the spatial variation of the dctected
Using InGaAsP Injection Lasers fractional intensity modulation of the probe beam, Al/1, which is

proportional to the electro-optic signal. The large magnitude of Al//
J. M, Wiesenfeld on both sides of the CK line is due to the field produced by the

AT&T Bell Laboratories voltage signal on CK. (There is no signal when the probe beam is
Crawford Hill Lab positioned on the CK line because, in the front-side probing geometry.

Holmdel, N. J. 07733 the probe beam is reflected from the contact and does not enter the
electro-optic substrate.) Thus, even near the QB line, there is a strong

At. S. Heujmaker signal from the CK line, as seen, and this is the origin of the crosstalk
AT&T Engineering Research Center in Fig. 3(d). The signal from CK does not extend to the far side of

Princeton, N. J. 08540 QB, however. Thus, for accurate results, the probe beam should be
positioned between an active and an inactive line (Figs. 3(b) and (c)).
Factors relating to determination of the amplitude of the signal

The electro-optic sampling technique has been used to great measured by electto-optic sampling are more complex 15] and will be
advantage to measure electrical signals with ultrashort time resolution discussed.
[1] and to non-invasively measure waveforms internal to GaAs [21 or
InP integrated circuits (ICs). To maximize temporal resolution and By a modification of the experimental arrangement of Fig. 1,
voltage sensitivity, it is necessary to use an optical probe beam with which consists of replacing the oscilloscope which follows the receiver
pulse durations as short as possible, and with average power as large as with an electronic spectrum analyzer, it is possible to directly measure
possible, respectively. Accordingly, using large, sophisticated laser the response of the IC in the frequency domain. 161 The amplitude
systems, subpicosecond temporal resolution i1 and voltage sensitivity transfer function thus measured for a single FET amplific- : the ir-ut
better than I mV/,-z [2] have been achieved. In our work, we have stage of the decision circuit, normalized to its value at I GHz, is
developed a compact and simple electro-optic sampling system that shown in Fig. 5. The 3-dB point is between 4 and 4.5 GH .
uses pulsed semiconductor injection lasers. [3,4] The system is capable
of measurements over a large range of bandwidth and sensitivity, and In summary, we describe a compact elcctro-optic sampling
has been able to achieve temporal resolution of 10 ps, and voltage system based on semiconductor injection lasers, and discuss its
sensitivity of 2 mV//Hz [3,41. In this talk, we report the operation of performance and limitations. With this system, wayeforms internal to
this system and discuss the advantages and limitations of using several ICs have been analyzed non-invasively, using both front-side
injection lasers for electro-optic sampling. We also compare back-side and back-side probing geometries. The system has also beeon uscd to
and front-side sampling geometries for probing planar ICs. For exploit the high-speed potential of the electro-optic effect to measure
illustration, we present results obtained by sampling a high-speed the 67 GHz bandwidth of high-speed InGaAs photodiodes. [8]
GaAs decision circuit, that is mounted in its production package. [5,6]

A schematic of the basic experimental arrangement is shown in I. J. A. Valdmanis, G. A. Mourou, and C. W. Gabel, IEEE J. Quast.
Fig. I. Two frequency synthesizers, phase-locked to a common Electron., QE-19, 664 (1983).
oscillator, are used: one drives a gain-switched InGaAsP laser, the 2. B. H. Kolner and D. . Bloom, IEEE J. Quant- Electron., QE-22,
other drives the IC under study. Pulses from the laser (1.3 pm 79(1986).
wavelength, 18 - 20 ps duration, 100 pW average Power) are made 3. A. J. Taylor, J. NI Wiesenfeld, G. Eisenstcin, R. S Tucker, I. R.
circularly polarized, and impinge on the IC at the position of the Talman, and U. Koren, Electron. Lett., 22,61(1986).
internal node to be interrogated. The voltage present at the node
causes a small change in the polarization state of the probe beam by 4. k. J. Taylor, R. S. Tucker, . M. NWiescofeld, C. A. Burrs, G.
the electro-optic effect in the substrate of the IC, which is converted Eisenstein, J. R. Talman, and S. S. Pei, Electron. Lett., 22, 1068
to an amplitude change upon detection of the reflected probe beam (1986).
after passage through a polarization analyzer. The optimum geometry 5. . S. Heutmaker, T. B. Cook, B. Bossachi, J. I. Wiesenfeld, and
for probing a planar IC is the 'back-side" geometry, in which the probe R. S, Tucker, IEEE J. Quant. Electron., QE-24, 226 (1988).
beam enters the IC from the back (inactive) side. [7] This geometry
maximizes voltage sensitivity and spatial resolution, but cannot be 6. 1. hi. Wiesenfeld and M. S. Heutmaker, Electron. Lett., 24, 106
used with a packaged IC, in which the back surface is inaccessible. (1988).
For such a packaged IC, the probe beam must enter from the front 7. J. L. Freeman. S. K. Diamond, H. Fong, and D. . Bloom, Appl.
(active) surface. In spite of reduced sensitivity and spatial resolution Phys. Lett., 47, 1083 (1985).
compared to the back-side probing geometry, front-side probing is
effectivc for electro-optic sampling of planar ICs. [5] 8. R. S. Tucker, A. J. Taylor, C. A. Burrus, G. Eiscnstcin, and J. N.

Wiesenfeld, Electron. Lett., 22, 917 (1986).
Recent electro-optic sampling experiments performed on a

packaged GaAs decision circuit (AT&T 494A) [5.61 illustrate the
utility of the front-side probing geometry, as well as some of its
disadvantages compared to back-side probing. The decision circuit, SYNTHESIZER SYNTHESIZER
which amplifies and synchronizes an input data stream at -2 GHc, o O
consists of an input amplifier, a type D flip-flop, and output buffers.
Figure 2 shows several waveforms from the circuit, measured by
electro-optic sampling. The circuit is driven by a 2 GHz clock signal CLOCK IN
(CK, 2(a)) and I GHz sinusoidal data (DN, 2(b)). After the input InGoAsP
amplifier, the data is inverted and saturated (D, 2(c)), and the output INJECTION
of the circuhi is a square wave synchronized to the clock (Z, 2(d)).LAE MIR

The front-side probing geometry is susceptible to problems
from apparent crosstalk, since the probe beam must he positioned ISOLATOR Af C
between contact lines on the IC, and the electro-optic effect in the
substrate will be due to the sum of fields from both contact lines. This
problem is illustrated in Fig. 3. Figure 3(a) shows the layout of two
active lines (QB and CK) and two inactive lines (GND and Von) at a OWP
particular location in the circuit, and also shows the positions of the A LER
probe beam for the data of Fig 3(b)-(c). The signals measured
between QB and GND (3(b)) and CK and V. 0 (3(c)) are free from I Io . RECEER
apparent crosstalk. When the beam is between the active lines (3(d)

and (e)), we observed superpositions of the signals from the two active
lines. The magnitude of the apparent crosstalk can be explained
quantitatively by considering the transverse spatial variation of the
electric fields produced by the time-varying voltages on the active
lines. This can be seen from the data in Fig. 4. For this data, only the Figure h Experimental schematic. QWP isa quarter-wave plate.
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the signal. In measurements of the closest lines, where the
frontside potential in the gaps is greatest, the positive spot-

size crosstalk partially cancels the negative backside contribu-
Accuracy and Invasiveness of Direct tion, reducing total electrooptic crosstalk. In these structures,

crosstalk is smaller than -30 dB; a two-layer array of perpen-
Electrooptic Probing of GaAs diculax lines - an even closer approximation to a real digital

Integrated Circuits circuit - will have significantly less electrooptic crosstalk.

Electrooptic probing at 1.06 pm generates charge in theJ.L. Freeman, D.M. Bloom, S.R. Jefferies, and B.A. Auld GaAs through deep-level absorption (EL2) [5] and through
Edward L. Ginzton Laboratory, Stanford University, two-photon absorption (TPA). To determine the relative con-Stanford, CA 94,050.085 tribution, of the two processes at the power levels used in elec-

trooptic probing (typically 30 mW), the short-circuit current
Direct electrooptic probing uses a mode-locked 1.06 pim of a well-characterized MBE Schottky diode [2 was examined

Nd:YAG laser with 1.25 ps pulses to probe internal nodes of as a function of optical power (see Figure 3). TPA dominates
GaAs circuits [1]. Its timing resolution is set both by the pulse above a few mW, in agreement with calculatioixs of this current
duration, whose power spectrum currently has a -3 dB band- from the diode parameters, published TPA coefficients [6,7].
width of over 200 GHz, and the laser timing jitter, which is and EL2 optical cross sections [81, Typical currents in this
actively stabilized to less than 0.3 ps. Fall-times as fast as diode are tens of microamps. Similar charge creation within a
3.5 ps have been measured in a monolithic nonlinear transmis- MESFET increases the drain current, probably through trap
sion line [21, and dispersion properties of coplanar waveguide excitation at the substrate-channel interface [9]. Although this
(CPW) transmission lines have been studied up to 100 GHz [3]. increase can be significant when the beam is within the device
The continued popularity of the technique in probing such cir- or is scattered from surface irreguTrities to the device, most
cults depends on its accuracy in characterizing frontside volt- electrooptic probing examines interconnect metallization riot
ages and the magnitude of its invasiveness, devices.

Accuracy errors in the electrooptic probe divide into cali-
bration and crosstalk. If a measurement of a signal depends References
on the configuration of the conductors, a calibration error ex-

ists. If the electrooptic measurement includes signal compo- [I] See K.J. Weingarten, M.J. Rodwell, and D.Nl. Bloom,
nents from other signal lines, and those components do not ex- IEEE J. of Quant. Electr. QF 24, 198 (1988) and ref-
ist on the line being probed, electrooptic crosstalk exists. Both erences therein.
electrooptic calibration and crosstalk errors arise from spot-size
averaging of the frontside potential and from nonzero poten- [2] C.J. Madden. M.J.W. Rodwell. .A. Marsland, D.M.
tials at the substrate backside. To evaluate these errors, we Bloom, and Y.C. Pao, Electr. Dev l.tt., 9 (6) t9 be pub-
have made extensive electrooptic measurements on test struc- lished.
tures and confirmed these results with numerical simulations.

Since CPWs have only one main signal line, no crosstalk [3] R. Majidi-Ahy. K.J. Weingarten, M. Riaziat, B.A. Auld,
errors exist. If the wafer backside is ungrounded, though, and D.M. Bloom, presented at the 1988 IEEE MTT-S
significant backside potentials occur, leading to electrooptic International Microwave Symposiun.
calibration errors. The backside potential appears as a nega- [4] M. Riaziat, l.J, Feng, R. Majidi-Ahy, and B.A. Auld.
tive electrooptic signal beneath the ground plane and a nearly Electr. Lett. 23, 1281 (1987)
equal reduction in the center conductor signal. Figure 1 plots
measurements of this backside signal for 50 Q CPWs of vary- [5] G.M. Martin, A. Mitonneau, and A. Mircea, Electr. Lett.
ing center-conductor width on 20 mil semi-insulating GaAs. 13, 191 (1977).
The points are experimental data and the curve is from finite-
difference calculations. CPWs of a size typically used in mi- [6] A. Saissy, A.Azema, J. Botineau, and F.Gires, Appl. Phys.
crowave circuits exhibit backside potential calibration errors 20 Lett. 15, 99 (1978).
dB the applied center conductor signal. Note that CPWs with [7] E.W. Van Stryland. H. Vanherzeele, M.A. Woodall, M.J.
large backside potentials not only exhibit larger electrooptic Soileau, AL. Smirl, S, Gulia, and T.F. Boggess. Optical
errors but are also more susceptible to multi-moding [41 and Engr. 24, 613 (1985).
are undesirable microwave transmission structures.

Electrooptic accuracy in probing digital circuits is more [8] P. Dobrilla and J.S. Blakemore, J. Appl. Phys. 58. 20,S
complex. Spot-size and backside potential effects create both (1985).
electrooptic crosstalk and calibration errors. One model of a
complex digital circuit is an array of parallel lines of equal J9 e C. Kocot and C.A. Stolte, IEEE Tran19act2ons on Elect.

width at a fixed pitch. To find the electrooptic crosstalk from Des. 29, 1059 (1982).

an individual line, use superposition: apply a signal to one line
and ground the rest. The electrooptic measurement beneath
the grounded lines is then the crosstalk. Figure 2 plots this
electroorntie rrosstalk as a functioin of line number for arrays of
long 5 pim lines at 4 different pitches. Note that the backside
potential is nearly constant over several hundred microns from
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Abstract No. 383

Photoemission Probing of Fast Integrated pulse spreading in energy as well as in space and
Circuits and Devices time. In photoemission probing this energy

broadening results in a voltage sensitivity worse than
Rolf Clauberg, A. Blacha, H. Seitz, H. Beha that predicted by the shot-noise limit, but d,,,' , not

affect the time resolution In electron-beam prob:,g
IBM Research Division. Zurich Research Laboratory this effect in the primary beam limits the time

8803 Rtischlikon. Switzerland resolution.

For voltage contrast measurements the interesting
In the last two years photoemission probing has question is how far materials contrast effects will
evolved as a new tool for the characterization of interfere with voltage contrast and what limits these
ultrafast devices and integrated circuits.' 5 The main effects set to the detectable voltage contrast
motivation for starting this new approach is twofold.
First, it was the lack of a method allowing the In this work we will present voltage contrast
determination of ultrafast signals in the lower measurements and their interference with materials
picosecond range on Si-based devices. Second, it contrast effects, rise time and device delay
was the chance to do such measurements much measurements on integrated circuits, and an
faster than with the existing electron-beam method, investigation of the Coulomb spread as a function of
thereby enabling new applications prohibited before incident laser intensity
in the picosecond range.

References:
In this work we will estimate the capability and the
limits of photoemission probing in its sampling. i.e.. 1. R. Clauberg. H.K Seitz. A Blacha J A Kash H
time-resolved mode, as well as in its voltage-contrast Beha, in "High Speed Electronics, Springer Series
mode. The ultimate limits and special effects of in Electronics ard Photonics", edited by B
photoemission probing coincide partly with those of KaIlbAck and H Be.ieking (Springer, Berlin. 1986)
electron-beam probing, but partly also differ very Vol. 22, p. 200.
much from them. One main difference is the lower 2. A. Blacha, R. Clauberg. H.K. Seitz. J Appl Phys

kinetic energy of the photoemitted electrons In 62, 713 (1987).
present photoemission probing systems, the kinetic 3. J. Bokor, A M Johnson, R H Storz. W M
energies of the emitted electrons range from zero Simpson. Appl. Phys Lett 49, 226 (1986)
energy to about I eV in the one-photon excitation" 4. RB. Marcus, A.M. Weiner. J.H Abeles. and P S D
and up to 2 eV in the three-photon excitation." In Lin, Appl. Phys. Lett. 49. 357 (1986)
comparison, the secondary electron peaks in 5. A.M. Weiner, P S.D Lin. R.B Marcus, Appl Phys
electron-beam probing are around 2-3 eV for Lett. 51. 358 (1987).
atomically clean surfaces and around 9 eV for 6. R. Clauberg, J. Appl Phys 62. 1553 (1987)
air-exposed samples. The low energies in 7. R. Clauberg, J. Appl Phys. 62. 4017 (1987)
photoemission probing require the application of
extraction fields, depending on the geometry and the
voltages on the chip close to the point where the
measurement is done. However, due to the
transit-time effect,8,7  

extraction fields are also
required in electron-beam sampling if a time
resolution in the picosecond range is desired.

On the other hand, the small width of the
photoelectron energy distribution leads to a very high
voltage sensitivity which, together with the high
number of electrons per pulse in photoemission, in
principle enables the measurement of series of
waveforms on an integrated circuit in a rather short
time. Effects, limiting the acceptable number of
electrons per pulse are, e.g . the space charge build
up by the emitted electrons and the Coulomb
repulsion between these electrons. While the space
charge limits the number of electrons which can be
emitted per pulse, the Coulomb repulsion leads to a
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AbstracC f. 3824

connected in in series and a feed back loop. The basic FCL gate is
Internal Waveform Measurements in High shown in figure 

2
(a) with the measurement points of interest. For

Speed Silicon Circuits these measurements the self oscillation of the circuit is disabled at

Using a Picosecond Photoelectron Scanning the first stage and an enable input on the second stage is used as a

Electron Microscope trigger input for synchronization We measure the waveforms at the
different points within the ECL gates as the switching pulse
progresses down the chain Figure 2(hi shows the waveforms

J.-M. Halbout. P. Ma. Y. Pasod. and G. (hiu measured at the collector node of the switching transistor and the

IBM Research Dinision entitter-follower output node for a typical unloaded internal gate.

T.J. Watson Research Center Mo.st of the measured total gate delay of 9( ps arises in the current

P.O. Box 218, Yorktown Heights. NY 10598 switch which exhlhits a 78 ps delay while the output emitter follower
contributes only 12 ps. The simulated waveforms at these nodes
using ASTAP models are shown in figure 21c) for comparison The
excellent agreement is evident and show how the models can be
tuned to match as built circuits. Such measurements can also provide

The advances in process technolog and the better inftormatitin on process variation at the scale of the circuits, from the

understanding of design and scaling principles hase led recently to differences in the measured delays. We have studied the in situ

the realization of very high speed SI and VLSI circuits These operation of these EC gates under various conditions of bias.

ciru1 ps (n the ease of 01 p soltage swing and loading thereby providing detailed information
circuits have gate delays as short as wirin intecoe sizes about their internal workings which was not accessible up to nowNMOSI Ill i, eh;sractv'ristie feature and wiring interconnect si/ec

smaller than one micron, Circuits built today arc already hvond the
testing capabilities of conventional equipment, both in tcris of the Ihe second example of application of this instrument insolves

access to internal nodes and in terms of their temporal resolution the measurement if the access time f)r a 11 5 tom CMOS SRAM and

Flectron beam soltage contrast testing systems proide an attractie tcC study of the breadown of this access time among the different
solution to the noncontact Probing of internal nodes,' particularl% as circuits in ifs complen. fully functional chip 141 1 he circuit on this
the nonintrui. probe of these systems is electrically noniading Chip are fast enough that the conentiinal e-beam testing systems
the cnnitrsitoe ofhese stemsislecrically niiuchi cannot resole the -aeforms 1be chip is a 596 bit SRAM
and can be posiionind cry. accurately n the circuit- Iroeso er. such experimental test ichicle fabricated with a selectively scaled 05 S rn
systems hae traditinall lacked the time rsituvit that is nin- CMOS process 1I In order to make measurements on both metal
needed- In irder t answer this prblent t-c have recently interconnect le\cls. the insulator separating the twii layers was

developed a picosecond laser pulsed electron microscope, designed removed uhere it uas not cosered by the second level metal 'he
for the noncontact measurement of internal wascfiirnis on high pilyimnidc uas cheuiicaliy wet etched and the underlying nitride

speed Vf.Sl circuits We first describe the instrument itself and then remoced by RIFt The chips ere checked to be fully functional
present unique measurements we have performed (n high speed after this pricedurc with no measurable difference in their
silicon bipolar [CL circuits and on a 0 S jom CMOS SRAM test performance Figure 3tat sho the measurements taken on the
sehicle It is the first time that such high speed savcforms hase been path from the clock input it) the selected mem,,,., cell The' show
measured directly in situ on adsanced silicon circuits the delays encountered through the different logic stages as outlined

in figure 31h) Wiring delays which also contribute to the access

The Piciisecond Photoelectron Scanning Flectrin Microscope tinie can also be measured As the chip get faster and larger. these
(PPSFM) is shown schematically in figure 1 This noel instrument wiring delays will hase iii be taken into account in the design of
provides a temporal resolution (if less than 5 ps for risetime future chips We measured a total access time ti the data output of
measurements and I ps for delay mcaurements, a spatial resilution 3 5 uts when a -0- is read the read a "I" access time is 10"
(if 0 I jtm for both the probe size and for its positioning accurac), lu er let us also tsoint out that for these measurements the chip
and a vltage resolution of 3nul/

7
l 121. The measurentents was clocked at Io) MliI . which entphasizes the high performance

can he performed at any Ponint on circuit interconnect lines that are of this emerging technilog-

accessible from the top surface. lic signals arc sampled by
stroboscopic voltage contrast where the wavefirm o n the circuit is In summary, the technique we hale presented here allows
progressively shifted in time with respect to the eleciron probe on. it, mcasurc and fulls characterize the internal waveforms within
pulse The pulsed electron probe beam impinging on the metal lines a circuit, as well as ti, resolc the risetimes and the contributions to

of the circuit results in the emission of scciindary electrins whose the delay il the different cimiponents with picosecond resolution
energy distribution is shifted by the instantaneous voiagc at the The measurements we iase presented here on high performance

particular node of the circuit Because of the superitr capability if silicin circuits are unique anti unprecedented, and have hardly

the laser driven electron source, the systen uperates at low iean stretched the capabihftt of the instrument Moreover. the loading

energy (beltw 2 keV) where charging problems can he a%oided and effects usually encountered in electrical measurements are avoided

no damage iti the devices is expected. It takes only abhtut twenty in this nonc-tntt to-In"Nue. t;,,s making it a unique nool for the

seconds iti reciver a wavefirm at the I(X) MIii repetition rate characterization of high speed VISI circuits Further improvements

determined by the miie-luwked laser. Although it is constantly 'of the system include a cold chuck capable (if cooling the chip down

operating in a pulsed mode. the system provides full siewing of the ti 77 K and an mage prcessing system ti improse riewing and

chip under test on a TV screen obtained by raster scanning of the navigation in sery complex circuits

electron beam. [he beam can then be accurately positioned on this
image at the desired measurement point and. switching to a spot
mode. the waveform is then acquired Typically one thousand points Refrces.

are acquired per waveform with a time spd which can extend to
several nanoseconds The waveforms are stored in an IBM PC-XT (i Sai-lialasi, et a1. su-hi tii I:FF Fleet Des Ietters

and can be averaged tir signal processed at will.
2 P. May, et al., Appl Phys Lett .51, pp 145-147.(I97)

As a first example itf application of this instrunient, we present
here the detailed charace,,atun (if sub- I(X ps silicon bipolar FfI 3 P. May. el al , IFIM technical Digest. 1947. Pp 92-95
ring iiscillators Ill These circuits arc fabricatee with an emitter size
in the wafer of i 8x20 am t'he circuit is made up if ten stages 4. 1 -M Ilalbout. et al , ISSC lccnical itigest. 1qx8. pp X2-83.
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Abstract No. 385

PULSED NEGATIVE ELECTRON AFFINITY CATHODE Enhanced electron emission from GaAs
FOR TIME-RESOLVED ELECTRON MICROSCOPY AND under photon excitation is achieved through

ELECTRON SPECTROSCOPY special in-situ preparation of the GaAs
surface. The effective negative electron

N.C. MACDONALD AND COLIN A. SANFORD affinity condition may be obtained on the
surfaces of heavily doped p-type GaAs (8)

Department of Electrical Engineering upon which monolayer quantities of cesium-
and the National Nanofabrication Facility oxide are grown. The effective negative

Cornell University, Ithaca, New York 14853 electron affinity photocathodes have an
inherently narrow energy distribution due to
their room temperature operation and an

Since the late 1960's the scanning electron refraction property which causes
electron microscope (SEM) has been used to emitted electrons to be refracted toward the
study spatially resolved, time varying normal of the emitting surfaces. Typically
phenomena (1,2) with a beam pulse width of 200 such cathodes use lasers to photoexcite
ps (2). Time-resolved SEM measurements at a electron-hole pairs, and because lasers can
GHz bandwidth were achieved in the 1970's (3- easily produce optical pulses less than 100
5) with a beam pulse width of 2 ps (5). ps at high repetition rates (>100 MHz), these
However, these time-resolved SEM's and cathodes are well suited for electron beam
numerous subsequent SEM systems have been sampling techniques. Furthermore, because of
severely limited by the effectiveness of the the high conversion efficiency of incident
high speed, beam blanking systems to produce photons to emitted electrons, high brightness
short electron pulses without reducing the electron sources are possible.
effective brightness of the electron optical
system. Furthermore, to achieve a sufficient For CW operation of the GaAs NEA cathode,
number of electrons in the picosecond duration we have achieved a source brightness Teasured
pulses, designers were forced to increase the at the sample of 2 x 10 (A cm

- 
sr

- 
) for a

source brightness by the use of field emission beam energy of 3 keV and an incident laser
sources; these field emitters required a UHV power of 30 mW at k = 647 nm. Only a
environment and produced additional noise fraction of the laser power was available to
above the shot noise limit, excite electrons in the present electron gun

design, because the large spot size (500 ,um
Recently, May, Halbout and Chiu (6,7) diameter) of the laser source also

devised a method to eliminate the SEM blanking illuminates non-emitting surfaces adjacent to
optics and increase the source brightness, the cathode. Straightforward improvements in
They replaced the conventional SEM electron the electron gun design-particularly the
cathode (e.g. Lanthanum Hexaboride, tyngstey, laser coupling optics to the GaAs substrate-
etc.) with a high brightness (A cm

-  
str

-
) should improve the source brightness by at

laser-pulsed electron cathode, and achieved a least two orders of magnitude.
substantially improved time resolution of 5 ps
for the measurement of a voltage waveform on We demonstrate the use of the system to
an integrated circuit. The authors used a new perform high spatial resolution (75nm), time-
photocathode made of a thin film of gold resolved (100 ps) voltage waveform
deposited on quartz and excited by a pulsed UV measurements on integrated circuits and Auger
(266 nm) laser in transmission mode. For an electron spectroscopy for the study of time
average optical power of 2 mW; a conversion varying surface phenomena.
efficiency of 2 x 10-; an emission current of
10 nA; a beam energy of 1.8 keV; an average REFERENCES
beam current of 50 pA; and a spot size of 100
nm, they achieved 3-5 electrons/pulse for a 1. G.S. Plows and W.E. Nixon, J. Sci.
pulse duration of 1.5 ps (7). The gold film Instrum. (ser. 2) 1, 595 (1968).
UV cathode was operated in a typical SEM
environment at pressure of 10-

5 
torr. 2. N.C. MacDonald, G.Y. Robinson and R.M.

White, J. Appl. Phys. 40, 4516 (1969).
The voltage contrast application for

laser-pulsed cathode of May, et.al. 3. G.Y. Robinson, Rev. Sci. Instrum. 42, 251
illustrates one exciting application for a (1971).
laser pulsed ele'_tron cathode.

4. A. Gopinath and M.S. Hill, IEEE Trans.
In this paper we oiscuss the operation of Electron Devices ED-20, 610 (1973).

a GaAs negative electron affinity (NEA) laser
pulsed cathode mounted in a U*V scanning Auger 5. T. Hosokawa, H. Fujioka, and K. Ura,
microprobe (SAM). The GaAs NEA electron Appi. Phys. Lett. 31, 340 (1977).
cathode can be excited by either a CW or a
pulsed laser source for a nominal wavelength 6. P.G. May, J. Halbout and G. L.-T. Chiu,
range of 600 to 750 nm. Since high average Appl. Phys. Lett., Vol. 51, 14S (1987).
power semiconductor (.1W) or gaseous (5 watts)
lasers are quite common for these wavelengths, 7. P.C. May, J. Halbout and G. L.-T. Chiu,
many laser-cathode electron gun configurations IEEE J. Quantum Electron., 24, 234
are possible. The ability to operate the NEA (1988).
cathode in the CW mode using a semiconductor
laser offers the possibility for replacing the 8. J.J. Scheer and J. Van Loar, Surf. Sci.
conventional Lanthanum Haxaboride source with 18, 130 (1969).
a higher biightness, -ompact NEA cathode that
can also operate in the puired mode for beam
blanking.
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Abstract No. 386

CHARACTERIZATION OF ps-ELECTRONIC DEVICES: measurement shows an Increase to 38 ps by convolution with the 15 Ps
A CHALLENGE FOR E-BEAM TESTING pulse. For precise rise time measurements this can be corrected mathe-

matically because the pulse duration is known. The signal propagation
M. Brunner, R. Schmitt, D. Winkler delay between the two probed points Is measured to be 3.5 ps cor-
Siemens Research Laboratories, responding to a velocity of 114.10e m/s. This velocity agrees very well

Otto-Hahn-Ring 6. D-8000 Munich, Germany with the theoretical value based on the propagation on a coplanar line
with an electrostatic constant of Ef = 9 of the substrate. This example

Microwave and digital ICs, based on GaAs as well as silicon bipolar demonstrates that oth rise time measurements and timing measure-

technologies, have reached operating speeds above t0 GHz and gate ments In the ps range are possible with the e-beam.

delays below 10 ps [1,2]. Progress towards even higher speeds con- The flexibility of the e-beam pulse synchronization allows measure-
tinues and is accompanied by growing complexity and further mini- ments on frequency dividers 123] operating the device under different
aturization of the structures. The testing and probing techniques re- conditions (Fig. 2). In this application the e-beam Is triggered by the
quired for technology and circuit development have to keep pace with device output yielding a repetition rate of almost 1 GHz. In this way the
this development. Both functional tests as well as Internal waveform synchronization and the repetition rate automatically match all internal
measurements are necessary to characterize timing, signal levels, tran- signals. The measured waveforms show overshooting of the first divider
slant response and coupling effects. Furthermore, internal waveform stage which increases with input frequency. Internal differential input
measurements are needed to verify simulations. Mechanical probing In- stages avoid sensitivity to these overshots and allow operation up to

troduces a capacitive load and Influences the circuit's function. The 7.67 GHz of this particular device under test. The device failed above

small sizes of the structures to be probed additionally limit the ap- this frequency. Among others, these measurements demonstrate that a-

pllcablifty of mechanical probes. beam probing of internal voltages below 200 mV is possible with good
Several new methods using laser or electron-beam sampling are results.

therefore under development [3-14]. Lasers utilizing electrooptic affects The combination of the a-beam tester with a wafer prober stage al-

allow a unique time resolution in the is range. However, the device must lows measurements directly on the wafer. The prober stage [241 is spe-
be triggered by an electrooptic switch and the laser governs device cially designed for use in the e-beam tester. Its height is only 1 mm in

operation. On the other hand, a probing technique which allows the the region above the chip to allow for a short working distance of the

characterization of all the specifications listed above has to be flexible in secondary electron spectrometer. Signals up to 12 GHz can be applied
driving the device under test. That Is, the device under test has to be to the chip via the prober with the possibility of varitying the Input signal
operated at different input frequencies, Input voltages, with different out- In situ. (Fig. 3) shows measurements on a GaAs ring oscillator (251
put loads, power voltages, etc. A digital circuit needs digital addressing using the prober stage. The oscillator output Is contacted via the prober
and the sampling mechanism has to be synchronized with the digital Sig- to synchronize the e-beam. The measurement allows gate delays td of
nals. individual stages to be determined while the values calculated from the

The e-beam technique [11-14] is superior to other techniques with oscillator frequency are mean values. The delay of a single transistor
respect to the requirements of flexibility. The device under test can be can also be determined. The result further shows that the voltage levels
driven with signals of continuously variable levels and frequencies bet- of the different stages differ. The measurement also reveaJs the Internal
wean dc and several GHz. The e-beam Is moreover not limited to signal rise time t which Is not otherwise known.
electrooptic materials like some laser methods. It Is also a proven techni- It can be concluded that e-beam testing Is able to characterize
que since a version with nanosecond time resolution has been in practi- present and near-future high-speed devices allowing a high degree of
cal use for more than tan years on large and very large scale integrated flexibility for device operation. it Is In the range of one ps and below that
circuits [15-19]. it Is known not to Interferea with the device function and electrooptic techniques become superior.
Is nonloading because the primary e-beam current and the current of
secondary electrons compensate each other. References:

The e-beam test technique focusses short e-beam pulses to a spot
size of typically 0.5 i.m on an IC-Intemal test point. Smaller spot sizes [1] Kellner, W.: M[kroelektronik Bd. 1, Berlin Offenbach vde-Verlag, 1987;
down to 0.1 rIm are possible [20]. Secondary electrons are analyzed 64-67.
with respect to their energy which reveals the voltage of the probed [2) Wleder, A. W.. 18th Int Con, on Solid State Dev. and Mat.. Tokyo

point. The voltage sensitivity Is limited by the shot noise of the beam 1986; 261-265.
and thus depends on the pulse repetition rate. It Is 20 mV/%/Hz at a [3] Zhang, X.-C.; Jan, R. K.. Electronics left. 22 (1986); 264-265.
repetition rate of 10 MHz, which reduces to 2 mV/v'Hz at 1 GHz. IC [41 Heutmaker, M. S.; Cook, T. B.; Bosacchl, B.; Wtesenfeld. J. M.;
Input or output signals are used to trigger the electron-pulse generation. Tucker, R. S.; IEEE J. Quantum Electr. 24 (1988) 226-233.
In order to record a complete waveform, the phase relation between the [5] Valdmanls, J. A.; Mourou, G. IEEE J. Quantum Electr. OE-22 (1986)
IC signals and the sampling electron pulse Is shifted. High-speed ap- 69-78.
pllcations require the a-beam pulses to be short and need a very stable [6] Koner, B. H.; Bloom, D. M.: IEEE J. Quantum Electr. QE-22 (1986)
synchronization between the signal to be recorded and the e-beam 79-93.
pulse. An effective pulse duration of 15 ps has been achieved Including [7] Beha, H.; Seitz. H.; Blacha, A., Clauberg. R.: Microelectronic
the Influence of litter In the synchronizing electronics [14]. Improving the Egineering 7, Amsterdam Tokyo, North-Holland Elsavier SC.
trigger stability should Improve the effective pulse duration to below Publ., 1987; 351-359.
10 ps. The time resolution is then ultimately limited by the transit time ef- [8] Weiner, A. M.; Lin, P S. D.; Marcus, R. B.: Appl. Phys. Lett. 51
fact of secondary electrons [21.221 to a value between 5 end 10 pe. Fur- (1987) 358-360.
ther Improvement needs mathematical methods to correct the signal for [9] Bokor, J.: Johnson. A. M.; Storz, R. H.; Simpson, W. M.: Appi Phys
the influence of this effect. Different methods of synchronization bet- Le. 49 (1986) 226-228.
ween the device under test and the a-beam are possible depending on [10] May. P.; Halbout. J. M.; Chiu, G : Appl. Phys. Lett. 51 (1987) 145-

the application: 147.
- The device under test and the e-beam can both be triggered by an [11] Schmitt, R.; Winkler, D.; Lischke, B.: Microelectronic Engineering 5,

external clock or input signal. Amsterdam Tokyo, North-Holland Elsevier Sol. Publ., 1966; 523-530
- The device can be free-running (e.g. an oscillator) and an output alg- [12 Lischke, B.; Winkler, D; Schmitt. R: Microelectronic Engineering 7,

nal can be used for synchronizing the a-beam. Amsterdam Tokyo, North-Holland Elsevier Scl Pub., 1987; 21-39
- The device can be driven by an external signal but the e-beam can [13] Schmitt, R.; Winkler. D.; Brunner. M.; Lischke, B: Electronics Let.

be triggered by an output signal from the device, 24 (1988) 235-236.
and so on. [14] Brunner, M.; Winkler, D.. Schmitt, R.. Lischke, B. Scanning 9 (1987)
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A subnicron electron beam tester lines [11]. Such influences have to be mihimized as far as possi-
ble, calling for an optimized secondary electron (SE) spectrom-

for VLSI circuits eter design which analyses the penetrating SEs independently
of their emission angle. This could be realized by an in-lens

Jochen K6lzer, Red Fox and Diether Sommer# spectrometer objective [12] and by arranging the crossover of

Siemens AG the SE trajectories to be in the center of the two hemispherical
grids. After passing the retarding field built up by the spheri-

Corporate Research and Technology cal grids, the SEs are detected by a double Everhard-Thornley
# Components Group assembly. The behavior of the SEs inside the spectrometer ob-

Otto-Hahn-Ring 6, D-8000 Miinchen 83 jective lens has been described extensively in [13]. Figure 2
Federal Republic of Germany allows an experimental quantification to be made of the theo-

retically predicted performance characteristics with respect to
suppression of the local field effect. The experimental arrange-

In recent years, the underlying principles of electron beam ment is illustrated by the timing diagram (Figure 2a) which is

testing (EBT) have been thoroughly investigated [1,2], and this a measuring method giving the designer a very fast overview

has become a well established method [3,41 of chip verification of the chip's internal logic in combination with the logic state

and failure analysis of VLSI circuits. The advantages of this mapping micrograph (Figure 2b) which represents the chip's

contactless and nonloading method for chip-internal measure- logic behavior in a more sophisticated manner. Four adjacent

ments compared with the mechanical probe are undisputed, as lines of the 4M DRAM address bus each with a pitch of 2.3 ,am

can be seen from the range of commercial available EBT sys- (line width 1.1 um) were supplied by the indicated test pro-

tems [5,6,7]. However, none of these systems can resolve all the gram (lines 1, 2, 4: 0V/5V, line 3: 0V/3V). Figure 2c shows the

problems currently arising in the testing of integrated circuits. result of corresponding waveform measurements and Figure 2d
Important performance criteria are the attainable spatial, tem- lines 1, 2 and 3 on an enlarged voltage and time scale. Whereas
poral and voltage resolution as well as the availability of specific Figure 2c roughly indicates that voltage coupling is small and

measuring modes and operating conditions. The performance comparable to the noise level (250.. .300 mV). Figure 2d al-

of the ICT 9010 e-beam tester* used for the present investiga- lows a quantitative estimation of less than 2% to be made of
tion will be measured on the basis of the specifications defined the coupling (200... 250 mV for a 5 V supply). On the other
by the Siemens 4 Mbit dynamic random access memory (4M hand, the voltage accuracy due to the signal level is excellent,
DRAM) development [8]. showing the same order of magnitude (see Figure 2 again). The

required voltage resolution of 20 mV could also be confirmed by

In the first place this means that measurements at low pri- an appropriate test procedure. Nevertheless it should be men-
mary electron tPE) energies (typically EpE = 1 keV) and high tioned that such good results can only be obtained by carefully

probe currents (IpE > I nA) must be performed on submi- adjusting the whole system. On the other hand the beam has
Cron interconnection lines, i.e. with extremely good spatial res- to be positioned precisely and the surface at the measuring lo-
olution. Consequently, the diameter d of the PE probe must cation has to be absolutely clean. Besides this, it should be
be smaller than 0.2 pm to satisfy the condition d < 1/5 w kept in mind that EBT is in principle unable to perform DC
(w: interconnection width). Since conventional scanning rlec- measurements. The ICT 9010 gets around this by normalizing
tron microscopes (SEMs) do not satisfy this requirement, a the actual lowest voltage swing to zero.
new electron-optical column (EOC) was developed [5,10] A
schematic representation of the main components of this CO Finally, an example of 4M DRAM analysis requiring utiliza-
can be seen in Figure 1. In combination with the immersion tion of all system features - high spatial, temporal and voltage
condenser and the spectrometer objective lens, the low-voltage resolution - is shown in Figure 3. A design weakness, indi-
triode electron gun (LaBs cathode, /3 = 3.2 - 10 A/cm

2 
sr cated by the signal oscillations in front of the "ATDN" spike

at Ups = 1 kV, heated to about 1550°C [5]) takes into con- was subsequently identified by logic state mapping (Figure 3b)
sideration the strong dependence of the spot diameter on the and waveform analysis (Figure 3c). This example illustrates
chromatic aberration coefficient and on electron-electron inter- that the newly developed EOC satisfies all the requirements for
actions at low PE energies. The EOC was consequently opti- internal measurements on submicron structures.
mired and a PE probe diameter of d < 0.12 pm (Ips = 2.5 nA,
Ups = I kV, final aperture a = 0.02 rad, working distance
2 mm) could be realized. This is fully sufficient for measure-
ments on submicron lines up to the 16M DRAM generation. tiw,iiot

The temporal resolution required for analyzing 4M DRAMs an gun

is less exacting. The switching times of the CMOS device have Isol1tonls.I
values of about < 1 ns at a cycle time of about 150 ns (typical
access time: 70 ns). The tempore' resolution derived from this Insnei..oncosd..,
has to be better than 200 ps, since the PE pulse width rp should I..,vun
correspond to 1/5 of the rise/fall time T : rp < 1/5 r [9]. The
pulse repetition rate depends on the specifications of the beam-
blanking generator (5 MHz). The ICT 9010 beam blanking
system which operates independently of the PE voltage alter- asblctire,,
ations is integrated into the anode. A temporal resolution of
about 150 ps could be demonstrated by measuring a nominal
500 ps OV/5V edge, which is sufficient for the diagnosis of 4M
DRAMs.

Figure 1. Schematic representation of the ICT 9010 electron.
The most serious problem arising in the 4M DRAM design optical colmn.

verification are the voltage resolution and accuracy when mea-
suring the interior of the chip in the submicron range. De- We o.1d 1i, Io thonk F. Bn..er, D. J. HRatter, M. Killion, J, Oia.. D, P.
tectability of a 20 mV voltage swing (4M DRAM sense signal nod Dr. W. Pibyl for ftiitfl discussios a, -el a- R. MchlI from the Si,,.
A4 is about 150 mV) and an overall accuracy of 3% should Lsngage Service Deprtmnt,, for intIig to, pope, The sppo, of
he ensured. However, high-precision voltage measurements are M. Scheer, for u.-ig the D. Kth'. type...ettig y.te,. TEX i. grte.
usually impaired by local fields, caused by switching of adjacent ftily eckowledged Sptos thIks go to Mr. K. Horninger. D, E Wotfsng

.od Prof. Dr. H.-J, Pfiidere. for their gene... 1sfppoi. Thi. report i. b.s.d os
project hich h-. be suppoted by the Minister of R,,,,,ch ad Technoogy

of the Fdrl Republic of 0--,0n0y ond,, the iuspport.se. NT 2550. For the
* Intie d Circio Tsiin OmbH, D-s01 I Heimt.eit /M6.nche5 content. the authors o- se r,,pon bl
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Abstract No. 388

THE STRATEGY AND STUDY OF FAB AUTOMATION 4. Results and future topics
IN SHARP CORPORATION We have achieved results satisfactory enough tn manufacture 0 um

design rule devices at high yields hased on this total system including

another particle reduction methods such as the study of non-static

TERUHIKO kONDOH, KOHICHI KAWAMURA, TATSUO NAKATO"l materials, reactant cleaning procedures. etc. Also total throughput is
JIN TAKETANI. HIROMITSU TAKEUCHI increasing with CA M improvements.

The topics that we have to consider for the next fob are how to increase

manufacturing flexibility. how to manage sri ule changes, and how to

INTEGRATED CIRCUIT GROUP reduce inefficiencies.

SNARP CORPORATION
2613- i o. - or,. 1ara 632 Ja~ Phase 2 (19871

•1 SHARP MICROELECTRONICS TECHNOLOGY.INC I. Strategy
312 SE Stuemlill Dr.. Vsinmo, WA 9a4 U.S.A

In order to obtain higher yield, greater throughput, shorter turnaround
time, and higher quality, we will have to establish Computer Integrated

In 1984 we constructed one of the most advanced semiconductor factories Manufacturing(CIM) system. this will incude simulation and Artificial

in the world. Now again we are taking on an aggressive probgram to Intelligence (Al technology. which can tightly control many different

construct the most evolutionary. fully automated wafer fab possible. dynamic factors related to the realliation of complete automation.

In the past four years we have learned quite a few lessons from operating
our production lines, obtaining numerous successful results. Highly 2. CIM system outline ( Shown in Figure 3 1

important is the ability to establish particle-free processes, with the resultof increasing yield and device quality, although a luck of computing ) aetworking
maturity has prevented the implementation of full automation. This ability Newrkin dst

to maintain high yields allows the manufacture of such advanced devices Networking (LAN)

as the t MB DRAM, 256K SRAM. and 400K pixel CCD hi Database configuration
However. there are many problems to be solved at the present tme. such Integrate process and product data in a relational databaseHoweerthee ae nuny robemslob soved t te peset tme.ci Total control software

as decreasing turnaround time, instituting dynamic schedule changes.etc.

Our next fab. which we have just begun to construct, will become one in Production and process control including dynamic scheduling
which dynamic factors can be optimized by the computer system, meaning Eaime imen g dg g
the approach of complete automation. Real-time equipment monitoring and data gathering using tell

controllers and based on SECS communication protocol

The followings are the strategies and studies of each phase: 3. Automated transferring system outhne
Phase 1 1984)

Supply wafers directly to each equipment with sufficient throughput
I. Strategy and cleanliness, organized into three sections: intelligent stockers, robotics

We wished to achieve complete automation. but key items, such as and highways,

computer hardware, software, and communication technology were
insufficient to realize our goal. We then focused on establishing particle
free processes by using Computer Aided Manufacturing (CAM) technology
at the local island level. Also the system was built around our production
pattern, making it inflexible to change.

2. Concept

a) Manufacturing fine pattern devices based on particle free technology Fig. 1 Photo Zone S stem
Super-clean room (class 10)
Eliminate operators from the point ofprocessing
Particle-free wafer handling systems Li ar
Pure materials (i e. .gas, water, chemicals, etc.) Transportatiofn

b) Creating a high performance structure of equipment system System

3. System outline

Photo Zone Stocker
a) Clean room structure

Two levels separated by grating gave us a reliable laminar flow.
which facilities and "dirty equipment placed on the lower level. te er

Wafer processing equipments was placed on the upper level.
The upper level is divided into processing and maintenance areas. Resist Cater
Operators are kept away from the processing area. eResist Co

b) Transferring system between islands Deelopper Developper

Each island has its own storage (stocker) A linear motor transfer>
system handles nearly 5o% of the transfers between these stockers. 0

c} Transferring system within islands Resint Coster Resist Coater
Each equipment has its own stocker which can supply wafer a Developper Developpercassettes automatically I Typical are shown in Figures I & 2 1

dI Improvement of equipment
Wafer I or cassette I handling mechanisms can never be placed above
wafer surfaces. All equipment is bulkhead mounted and load/unload Res
points are located under laminar flow. 0st 1

e) Pure materials supply system Developper Dee opper

D.1 water : Dead-end free and continuously circulated architecture /_

guarantees'Lhe purity at use points. Inl ine spstem (Coater Developper Stepper)

Gas : Row-particle materials for piping are chosen and
particulate is intensively monitored. Automatinaly transfer ACV to equipaent
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Control and Communications for Integration of Network Issues
Automated Materials Handling Systems in Some of the difficulties with SECS for factory

Wafer Fabrication Facilities control with automated materials handling relate to the

John C. Dilworth network structure dictated by those standards. SECS I

Cranfield Robotics and Automation Group specifies point to point connections. The network

College of Manufacturing configuration this implies in a two layer hierarchical

Cranfield Institute of Technology system is a star with a host device at the hub. In a

Cranfield, Bedford MK43 OAt multi-layer hierarchy the configuration becomes a tree

England structure. Peer to peer communication as required for
both in-line and flexible routing automated materials

In-line Wafer Handling transfer can only take place through a superior host
In some process areas wafers may be transferred one node, with the host acting as a passive transparent

at a time from one process machine to another in a device. This is not very satisfactory as it will
fixed route. A transfer device could be a conveyor or a needlessly absorb some of the processing capacity of
robotic arm, for example. This type of transfer is the host, and it will require different routings for
characterized by its simplicity: in most cases the nodes located at different points in the tree,
transfer device repeats the same cycle for each wafer requiring complex bespoke routing software.
being transferred. Whatever the complexity of the This places a severe disadvantage on the use of
controller needed to operate the transfer device, it is SECS as currently formulated. Some of the problems
possible to activate it by very simple signals, could be eliminated by the use of a more suitable

Most process equipment intended for in-line network for communications between host and area
operation can be supplied with digital I/O signalling controllers, process machines and transport devices.
capability to control the wafer transfer operation, In one materials handling system, process equipment
which could be achieved using only four TTL optically can be linked via SECS I & II to the nearest WIP
isolated signal lines between the pieces of process station and then via the transport system's LAN and
equipment(l). Unfortunately this has not been standard- transport host to the factory host(4). Other transport
ized, and each equipment manufacturer uses its own system manufacturers claim to be able to supply
signalling protocol. Tnterfacing two machines with a proprietary networks to handle all communications,
transfer device often requires a custom microprocessor althougn the degree of adherence to standards can vary.
solution. This can be expensive and time consuming and Work has been carried out to send SECS II messages
may also result in loss of productive time while via Ethernet using DARPA TCP/IP protocols(5). Another
debugging during commissioning. development program has been undertaken to send SECS II

Cassette Transfer in Flexible Routing Systems messages on a Manufacturing Automation Protocol (MAP)
Cassettes can be transferred between machines network(6). This is an Open Systems Interconnect (OSI)

in-line as above, in which case similar communications network with features especially suitable for manufac-
and control strategies could be applied. However, most turing. Unlike Ethernet, it has the advantage of a
cassette transfer systems provide flexible routing nominal guaranteed maximum response time. A SECS
between machines, work-in-progress (WIP) stations, or Message Service (SMS) for semiconductor manufacturing
process areas. Examples of such systems are mobile is being developed to run alongside MAP's own MMS
robots, automated guided vehicles (AGVs), magnetically (Manufacturing Message Service) which has more general
levitated 'space vehicles', and clean tunnel vehicles, application in other industries. The eventual aim of
The control architecture of these systems is generally the program is to develop SMS to a point where it can
1:ierarchical. In the lowest tier are the controllers of be integrated into the MAP specifications and SEMI
the individual vehicles or motors in the tracks, and standards.
the load/unload station controllers. These are often These efforts in sending SECS II messages on
connected via a network to a transport host in a higher industry standard networks will enable complex routings
tier. The transport host can connect to a superior area to be made with a minimum of wiring and demands on
or factory host. This is usually done via d SECS P"'9C proress epipment capabilities. They are therefore
link. especially relevant to the communications and control

SECS for Materials Transfer requirements of wafer fabs with automated materials
For automatic remote operation using SECS, each handling in which connections need to be made between

item of process equipment would normally be connected nodes on the same hierarchical level, with each node
via an RS232C serial port to a host computer. The SECS needing multiple connection capability. They will also
II standard, stream 4, defines a handshake which could enable logical configuration without regard to the
be implemented between the sending and receiving physical topology of the network. Such a network could
process equipment in order to effect material handle all factory comsnunications with SECS II. The use
transfer(2). As the pieces of equipment are not of such a network will probably force a change in the
directly connected, these messages must be passed structure of the SECS II protocols and scenarios to
unchanged through the host. cope with multiple open communications connections

SECS transactions (SECS messages plus associated between devices.
replies) can be grouped together into a 'scenario' in The author has had practical experience in
which a series of transactions to perform a particular implementing MAP networks and is researching the use of
task is defined. Standardized scenarios are being networks with standardized protocols for the future
developed for the ontrol of automated materials communications needs of automated wafer fabs.
handling equipment Associated with these it is being Acknowledgements
found necessary to overhaul and expand the SECS II The author thanks the Science and Engineering
Stream 4 message definitions relating to material Research Council for its financial support.
movement. The proposals include more precise defini- References
tions of the material being delivered and the transport (I) R.C. Helm; Solid State Technology,29-1 p65 (1985).
locations. In many of the proposed scenarios, (2) SEMI Standards, vol 2, Equipt. Automation (1987).
transat
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L .u ze Af^ined hewe-n the transport host and (3) H. Kuroda & H. Harada; 172nd Electrochem Soc.
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unchanged through the factory or area host. (4) J.G. Harper, GB. Burkhardt & R.R. Nelson;

Alternatively, each piece of process equipment Solid State Technology, 28-2 p 119 (1985).
could be fitted with extra R5232C ports to handle the (5) E.J. Wood, H. Schenck, J. Wijaya; 172nd
materials transfer messages directly. A proposal for Electrochem Soc. Meeting, 87-2 p 922 (1987).
all process machines to be fitted with parallel 1/0 (6) L.C. McAfee, R. Atallah & J. Moyne; Tech.
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Abstract No. 390
Automated transportation systems (AGV's.

An Intelligent Work-In-Process System tracks. etc.) may also acces these atorage
area PC's to determine the location of

M. Brain. A. Bonora. M. Parikh material. Once the material has been

Asyat Technologies, Inc. located, the tag attached to the container
1745 McCandlesa Drive may be interrogated by the transport system

Milpitas, California 95035 to verify identity and/or destination.

An LCD display on each tag provides
operator information. This LCD shows the

An automated storage system for managing name of the lot(s) or reticle(s) inside the
and controlling work-in-process wafer container and the next destination for this
casaettea and reticles can have tremendous container. The LCD can also give information
impact on integrated circuit manufacturing about the next process atep to be performed.
efficiency. A system is proposed which
automatically keeps track of material in Use of the tag may be extended
storage and provides real-time access to this throughout the facility with a tag reader at
information. each process station (figure 2). Each reader

has read/write access to the tag when

The architecture of the system (shown in material arrives at the equipment for
figure 1) is based on a small electronic processing. If the material does not belong
device attached to each container of at this process step, the operator is warned
materiall. This "tag" consists of a by a flashing red light. If parallel or
microprocessor, an LCD display, and a 9600 serial (SECS) communication is supported by
BAUD infrared communications system. One of the process tool, processing of material may
these tags is attached to containers of work- be locked out by the local tag reader unless
in-process wafers or substrates, and also to the correct destination is in the tag. When
containers of masks or reticles. An infrared the correct material arrives, the process

communications probe is placed in each bin of recipe or process parameters may also be
the material storage racks, allowing a local downloaded from the tag to the process tool.

personal computer to directly read and write This method of coding processing information
the tag on each box. The tag is programmed into the material carrier allows material to
by these same probes with information about be drawn through a "self-selected" process by
the material inside the box. and is the needs of the end-user[2.
continually updated to reflect current
material status. Accurate. real-time status of inventory

allows operators to reduce the time spent
An operator places a material container searching for material and logging material

in any empty bin of a storage area. A in and out of storage (figure 3). This time
personal computer automatically logs the is immediatly transformed into improved
material into storage and reads the tag on operator and equipment utilication.
the box for up-to-date information about the Semiconductor manufacturers are justifiably
material. This information is instantly concerned with quick turnaround and accurate
available to operators and supervisors using yield prediction to allow management to make
a light pen menu at the PC. realistic commitments to customers[3]. Real-

time visibility of wafer and reticle

Any removal of material from storage is inventories is essential to this goal.
automatically recorded as a legal or illegal
removal. Operators may request permission to The system described above satisfies
remove material from storage using the light these requirements and allows for maximum
pen at the PC. Permission to remove material flexibility. All of the elements of
is granted based on user-established production are integrated into the system.
"approval algorithms". When permission is including people, process tools, wafers, and

given, the operator is guided to the material reticles. In addition, the distributed
by a graphical display on the PC and a nature of the system provides for maximum
flashing LED at the storage bin itself. The system reliability and availability.
LCD on the tag offers final verification that
the correct material has been located.
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Implementation Considerations for Robotic area with a high density of expensive process
Systems in a Wafer Fabrication Facility equipment; the clean room. However, of primary

importance is operator safety. In such an
. A. LiveAsley Msc environment, it is easy for an operatorp

Research Assistant particularly when in full protective clothing,
Cranfield Robotics and Automation Group to forget the presence of.a robot.

toollege ofeprManufacturingot
College of Manufacturing Programming: Whilst basic programming of a

Cranfield Institute of Technology robot is straightforward, the designer should
Cranfield also be aware of the possibility of systemBedford, MK43 OAL, England failure. From the range of error scenarios,

Introduction suitable alternative procedures, supported by
the necessary instrumentatica should be developed.

The worldwide Semiconductor Industry is currently It must also be recognised that the robot
considering the third stage of materials handling positions will need to be manually taught,
automation - integrated inter-machine automation in-situ. In future enclosed cells, direct
The reasons for using third stage automation are well programming may not be suitable and alternatives
understood:- must be considered.

Reduction in Particulate Contamination Leading It is likely that a range of solutions will be
to Increased Yield produced to any problem. Choosing the best system

will not be easy. However, by considering some
general systems design rules, the problems of

Reduction in Order to Delivery Time implementation and operation can be reduced.

Minimisation of Clean Volume Review of Implemented Systems

Reduction in Work-In-Progress Information is currently available on a number of

However, the criterion for choosing a particular systems in the USA and Japan (1) (2) (3). This will
strategy, and the problems inherent in implementing be supplemented by presenting some of the experience
it are less clear. gained during the course of several current projects,

This paper seeks to examine the use of a particular including the integration of a photo-lithography area

tool, the robot, in cell integration. This is and the retrofitting of a robot to a chemical wet
achieved in three stages:- processing bench.

Review of Available Products Conclusions - Strategic Implications of Robot Systems

Examination of Considerations in Specification By examining Ae-4gn and implementation problems,
and Design of Robot Systems particularly when related to real systems, it should

be possible to evolve design rules for robot systems.
With this information it should be posslse to

Having established some of the problems enccuntered determine some of the techniques used in integrated
when implementing robot systems, the implications handling automation, and provide some idea of the
that these problems have on automation strategy can problems and considerations when using these
be examined. techniques.

Specification and Design of Robot Systems Acknowledgements

In general, the Semiconductor Industry envisages The author wishes to thank the Science and
robots as entirely flexible devices, able to perform Engineering Research Council for its financial
a range of different tasks with no additional support.
equipment required. However, in practice, the very
flexibility of a robot means that it may require References
considerable configuration for each task. When
designing a robot system, therefore, there are a (1) Albrecht, P.D., Golland, D.I., Krusell, W.C.,
desining a robto stem, thereore, tPuerto, F.A.; The Clean Module: A Fully
number of factors to be considered:- Integrated Approach to the Final Cleaning,

Robot Selection: The choice is unlikely to be Inspection and Packaging of Silicon Wafers,
simple, particularly as no product will be Integrated Circuit Manufactucecs Conference,
completely suitable for the application. The Coventry, England (1988).

robot needs to be evaluated for load capacity,
reach, programing capabilities, cleanliness, (2) Hume, E.C., Mueller, f.P., Schick, 5., Conway,
kinematics, and interfacing capabilities. This J.: AutOmated Cells for Sulmicrcmeter
is particularly true in a Wafer Fabrication Lithography; 172nd Electrochemical Society

Facility (WFF) as the robot must not only Meeting (1987) - in press.

perform its required tasks, but is also required (3) Komiya, H.; Totally automated IC Manufacturing;
to use a particular path, to avoid on-wafer 172nd Electrochemical Society Meeting (1987) -
contamination, whilst minimising its occupied in press.
volume.

Gripper Design: C:rrently, two gripper types
are used, zero-force programmable edge grippers,
and vacuum back-side, or front-side, grippers.
As only the gripper directly touches the wafer,
the robot performance (in terms of cleanliness,
repeatability, and wafer handling) cannot be
better than the performance of the gripper.

O(perator and Services Safety: Robots are
intrinsically hazardous and a WFF, whilst very
clean, contains noxious substances fed to a small
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A Rule-Based Diagnostic System following steps if necessary. If an
for VLSI Process Flow erroneous or questionable situation is

found the system outputs an appropriate
Kiyohiko Funakoshi warning message and eliminates the error

Hitachi Central Research Laboratory factor. Then the change in wafer state by

Kokubunji. Tokyo 185, Japan the i-th step is simulated by applying

simulation rules. All process conditions
Kazushi Mizuno are diagnosed by repeating this process from

Hitachi VLSI Engineering the first step to the last step. A
Kokubunji, Tokyo 185. Japan diagnosis example is shown in Fig. 2.

This algorithm diagnoses various types of
I. Introduction process flow such as CMOS DRAM and SHAM.
As the VLSI integration scale increases, bipolar. EEPROM and experimental flows

it becomes increasingly difficult for highly accurately.
process engineers to design VLSI
manufacturing process flow (recipe). There 4. Implementation
are two reasons for this. (1) VLSI process We implemented this system as part of the
flow has become so complex that it contains laboratory automation system for our VLSI
several hundred steps. (2) There is a great research facility as shown in Fig. 3(a).
amount of knowledge in VLSI process This diagnostic system's structure is shown
technology because VLSIs are intrinsically in Fig.3(b). The system uses LISP on a
very sensitive to contamination, and because HITAC M-680 computer. The system has about
very many parameters affect processing 160 diagnostic rules and about 50 simulation
results. This problem is especially serious rules. It takes only 40 s CPU time to
in research lines and ASIC lines where diagnose typical CMOS DRAM process flow.
various types of VLSIs are processed.

To solve this Problem. we have developed a 5. Results
new process CAD system, a rule-based We implemented this system in our research
diagnostic system for VLSI process flow. facility and confirmed that it increased the
This system assists process flow design by efficiency and quality of process flow
pointing out incorrect or questionable design.
conditions in the designed process flow. We This system makes process flow design very
implemented this system in our VLSI research easy by pointing out erroneous conditions
facility, and confirmed that it increases such as (1) out-of-limit or unallowed
the efficiency and quality of process flow conditions. (2) erroneous process sequence.
design. (3) conditions causing such situations as

loading of contaminated wafers into clean
2. VLSI Process knowledge process equipment. and (4) nvo, ,tim m
VLSIs are intrinsically very sensitive to conlt ., to. . .. , .. see Table

contamination, and very many process I).
parameters affect VLSI structure and Process experts have checked such errors
characteristics. Thus there is a great until now. Since this system eliminates
amount of knowledge about cleaning, resist trivial errors, experts can now check
removal, and optimum conditions. Some process flow from a higher perspective.
examples of process knowledge are listed in That is. they can evaluate whether the
Table I. If Si wafers are processed under onditions of the designed process flow arc
conditions conflicting with process optimumm to fabricate the intended VLSI. In
knowledge, not only dose the targeted VLSI our research facility. process experts'
become impossible to manufacture, but the comments regarding trivial errors at the
process equipment is contaminated, final check have decreased by 75%. Comments

Therefore, until now, process engineers regarding optimum conditions increased.
have made great effort to carefully design although these conditions had been
and check process flow in detail. overlooked before. Thus this system
3.Diagnostic Algorithm optimizes process flow for fabricating the

intended VLSI.
We have devised a diagnostic algorithm for This system is also very effective for

VLSI process flow in order to correctly informing process engineers of process
diagnose various types of process flow knowledge.

(Fig. I). In this algorithm, process flow is
diagnosed by applying diagnostic rules to 6. Summary
process conditions, and to the Si wafer We have developed a new process CAD
state which is simulated from process system, a rule-based diagnostic system for
conditions by rule-based simulation. VLSI process flow. This system effectively

Each diagnostic rule corresponds to a increases the efficiency and quality of
piece of process knowledge. e.g. that no process flow design.
contamination should be brought into
furnaces. 7. Acknowledgement
Wafer state means what materials and what The authors wish to thank Drs. Siki

kind of contamination exist on the Si wafer, }larada and Tetsuya layashida for their
and their Physical and chemical properties, encouragement. They also wish to thank I)rs
Wafer state is expressed in LISP association Susumu Seki. Michi aki Yesumura. and
lists. Masatoshi Me tsudal, and Messrs. Shigera
To diagnose the i th step. the diagnostic Takahashi and Tatsuo Sasagawa. for their

rules are first applied to the coditions of helpful discussion
the i th step. the Si wafer state at that
step. and the conditions of preceding and
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Table I Some examples of process knowledge Start

Knowledge about Comment and examples

I Allowed conditions Upper and loner limits of fornace temperature Initialize
-Prc-Available etching gases e~afetr state

Proces sequence Pre- and Post-cleaning

Allowed process sequenceprcs
2Contamination and impurity No contamination soold be brooght into clean Diagnose roes

condition.
etclnant Eliminate error
Hleaoy metal shoold not be brooght into clean factor

4Optimum cooditions state afger
Sfor otber conditions Recomended combination of process conditionsste

H for safer state Relation between resist state (thickness, No
bardened, baked etc.) and removal method at step

Optimom annealing temperators for wafer with Al Y es
iii for intended structureU Opio photolitbography metbod for intendedNo Lswaeminimu featore size No

In Pfor intended characteristics

End

Fig. 1 New diagnostic algorithm
for VL.SI process flns

(P-rocess fll j Wfer 11statej
sNo -gtep Wiraf-er Cress0am sectio

44 iLitbngraphy r-10,12 ((sobstance resist) (mak A) d M)

mask cA ((usac SiVs))
d =1' m TT T

4_5 i.N. etching 1-10,12 (obstance resist) (mask A) d M)
((substance Si,N.)(musk A) _

M [Wafer state simulation
4i6 Asing 1-10.12 -ru- --- - - - o -le: (cond ((and (eq step ashing)

~-((substance Si,N,)(mask A) (sq surface resist))
~ (contaminative anhing)) _ _--- (delete-layer)

47 Si etching 11 (add-contaminatios asbing)))
48 Cleaning__Danss]_____
49 Osidation 1-10,12 - ~ rule: (coed ((and (eq step oxidation) we.

(eq contaminative ashing)) "Asked safer should net be
(pot-massage 'Ached safer . leaded Ants clean furnace?"
(delete-contumination)))

Fig. 2 An esample of process flos diagnosis

FeedbackWok 
bs ERledt"[ xpr

P.-ocess fisDanotcrl

diagnosis 
ISiulatve rol Inference enginei

Process floe PrcsDA ae tt imatoion

input SPIRIT matrialtickess

Nun sheet coet.iSatinietc
Diagnostic esg esg

Lot Process Lot Processsfle
scheduling flos tracking Disagoti

file

VLSI research facility f.esNnxet
I(super clean room) Poesfo

(a) Ishoratery automation system (b) Diagnostic system

Fig. 3 System structure
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Computer Simulation of a Microelectronics
Laboratory

Floyd Miller

Lehigh University

Sherman Fairchild Center #161
Bethlehem, PA 18015

Use of the computer graphics capability
combined with simple mathematical modeling
allows this program to simulate an integrated
circuit processing laboratory. Available
operations include oxidation, diffusion, CVD,
lithography, metallization, mask design, etc.
The user operates the simulated equipment in
much the same manner as would be required in
the real laboratory. For example, when doing
an oxidation a furnace is displayed and the
operator must set the proper temperature,
ambient and time of the oxidation. As an
added aid the operator can select to watch a
cross section of the wafer as the oxide
grows. An individual can experiment with
process variables without the time and
expense of a laboratory setting.

Figure 1 shows an example of the
graphics used to run an oxidation using the
computer simulation. Fl, F2 and F3 represent
computer function keys and are used to
operate the laboratory. For example,
different ambiants can be selected by
pressing Fl. Selecting F3 loads the wafers
into the furnace at the beginning of a run.
When the run is finished F3 is again selected
and the wafers are removed from the furnace.
F2 changes the temperature of the furnace.
The time display will indicate the length of
time that the wafers have been in the
furnace.

*F3

F1 100
NI og.n TEMP

F2
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Experimental results were used to predict a combination of
EQUIPMENT MODELS FOR PROCESS OPTIMIZATION process parameters for optimized performance by first calculating a
AND CONTROL USING SMART RESPONSE SURFACES "signal to noise ratio" for each of the nine experiments. The signal

Emanuel Sachs to noise ratio is basically a measure of the ratio of the mean to the
George Prueger standard deviation for each curve [1]. The average signal to noise

Massachusetts Institute of Technology ratio is then calculated for each level of each parameter and the
77 Massachusetts Avenue parameter level which gives the highest signal to noise ratio is

selected, resulting in a set of optimized parameters [I]. Figure 6Cambridge, Massachusetts 02139 shows the experimental results from running the set of optimized
Introduction parameters. The experimental results in Figure 6 are well within

An equipment model is a tool that can be used to predict the specifications of the equipment vendor.
outputs of interest from a manufacturing process and related Model Construction and Calibration
processing equipment given information about the inputs. As The mechanistically based model was constructed by using
shown schematically in Figure 1, there are two classes of inputs.
Prowchearamtesare those inputs oer which dirct c ontrl is order of magnitude analysis to identify the important features ofProcess parameters are those inputs over which direct control e the physics. This process resulted in a one-dimensional finiteDisturbances are those inputs that are subject to unintended and difference approximation with disk and annular elements stackedDtuanese vareatose itsuhat varationsein to pr te ad down the tube length. The model incorporates convective and
undesired variations, such as variations in the properties of diffusive mass transport in the annular space between the wafers
incoming raw material or variations in the process parameters and the tube walls, and models the chemical reaction as being
themselves. Outputs of interest would typically include rates and surface te lte and denat onelocal ration and
uniformities. surface rate limited and dependant on local concentrations and

There are two fundamentally different approaches to temperature.
equipment modeling; mechanistically based models and The model incorporates five adjustable coefficients which
empirically based models. Mechanistic models seek to make pre- stem from uncertainty about the reaction kinetics and the nature of

dictions based on fundamental physical understanding. Empirical the mixing of the injector flow into the annular volume.

models are most effectively constructed using the methods of The five adjustable coefficients were calibrated by least
statistical design of experiments. Two suitable methods are squares fit to the nine experimental runs resulting in the model
Taguchi orthogonal array [1, 2] and factorial design and response predictions depicted as solid lines in Figures 4 and 5. As may be
surface analysis 13, 4]. The common element in these two methods seen, the model does a good job of capturing both the qualitative
is that many or all of the parameters are varied simultaneously in and quantitative nature of the experimental results.
contrast to the more conventional single variable experimental Optimization from the Model
methods. The result is an efficient exploration of experimental The calibrated model was then run with a nonlinear
space. The weakness of the empirical approaches is that little or no optimization program in order to predict an optimum set of
advantage is gained from the physical understanding of the operating conditions from the model. This procedure incorporated
process. For example, a response surface is a least squares fit of a the addition of disturbances (variations) to thirteen of the model
general polynomial (usually a quadratic) to the data, parameters, thus simulating disturbances that would take place

The purpose of this work is to fuse basic process physics during normal operation. The parameters found by optimization of
with the methods of experimental design and thereby construct the model are very close to those found by the experimental
response surfaces which take their general shape from the physics optimization procedure described above.
and are calibrated using data derived by design of experiments, Figure 6 shows the model prediction for the set of
resulting in a "smart response surface", parameters selected by the optimization scheme as a solid line.

This work presents the construction of an equipment model The dotted line is the model prediction for the parameters found by
for the LPCVD of polysilicon in a horizontal tube furnace with the Taguchi parameter optimization.
three sites of silane injection. The model accepts as inputs the Conclusions
temperature at three thermocouple positions, tube pressure, wafer
number, size and location, flowrates through three injectors, and An equipment model of the LPCVD of polysilicon has been
position of the injectors. The predicted output concerns uniformity constructed by calibrating a mechanistically based model using
of deposition rate down the length of the wafer load. As indicated statistically designed experiments. The resulting smart response
schematically in Figure 2, two separate paths are followed through surface equipment model has been used to optimize the operation
this work. The first path involves the execution of a series of of the process. The optimum operating parameters predicted by the
designed experiments and the optimization of the process from that model are very close to those found by an experimental process
experimental icsign. The parallel path involves the construction of parameter optimization. The model can be used for both processa mechanistically based model and the calibration of a smart optimization and control. Minor extensions of the model can be
response surtace based on that model using the results of the used to examine the impact of equipment design.
designed experiments. The model is then used to optimize the Acknowledgements
process anJ that optimum is compared with the experimentally The authors gratefully acknowledge the support of the
determined optimum. Defense Advanced Research Projects Agency under contract
Experimentel Optimization N0014-85-0213 as well as the support of the Microelectronics and
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investigate the effect of four parameters, each at three levels. As acknowledged for providing access to experimental facilities.
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Figures 4 and 5 show profiles of growth rate down a load of 2, Kraus International Publications, White Plains, N.Y.
150 six-inch wafers for the parameters of experiments one and 3. Box, G., Hunter, W.. Hunter. J., Statistics for
nine. These figures show both the data measured and the model Experimenters, and Introduction to Design Data Analysis
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Abstract No. 396

Dutgas-Free Corrosion-Resistant Surface outgas characteristics were evaluated using
Passivation of Stainless Steel for Advanced APIMS(Atmospheric Pressure Ionization Mass
ULSI Processing Equipment Spectrometry)(3).

T. Ohmi, T. Okumura, K. Sugiyama, F. Table I shows the measured thickness and
Nakahara, and J. Murota* refraction index of a passivation film for

various oxidation temperature and time. The
Degartment of Electronics, Faculty of table shows the thickness of the passivation
Engineering Tohoku University, Sendai 980, film does not depend on the oxidation time
Japan. below 500°C. It is considered that formation

of the passivation file at this temperature
-Research Institute of E lec t r ic a l range is controlled predominantly by the
Communication, Tohoku University, Sendai field assisted oxidation mechanism(4). Above
980, Japan. 550°C, the passivation film thickness

increases with oxidation time. In this case,
The net working rate of processing the diffusion of oxygen across the oxide film

equipment in LSI manufacturing lines is, in to the film growth in addition to the field
general, quite lowdue tothe large amount of assisted mechanism. The results of ESCA
time required for maintenance operations. The analysis for the passivation films formed at
cleaning of processing chambers to remove the 400'C and 550'C, are shown in Figs l(a) and
deposited materials on their inner surfaces (bI, respectively. It was found that the
constitutes the main part of the cleaning predominant compound existing on the surface
operation. Since such cleaning operations are of the passivation film formed below 500'C is
carried out manually by technicians by Fe O, while that formed at 5500C or above is
opening the vacuum chambers each time, it Cr203* Table 2 summarizes the results of
takes a lot of time. In addition, adsorption corrosing experiment of oxidized samples when
of air molecules, especially that of H2 0 dipped in the 35% hydrochloric acid solution.
molecules to the chamber inner surface It took longer time for the sample passivated
severely degrades the quality of processing at 550'C to begin to evolve hydrogen gas.
to be done with the equipment(l). Therefore The golden color of the film by interference
it is essentially important to develop did not disappear untill the evolution
maintenance-free equipment to establish high- occured. Non oxidized samples and the samles
performance processing needed for ULSI oxidized without mirror-polishing both
manufacturing as well as for automated IC generated hydrogen gas immediately after
manufacturing. We have developed a novel dipped. The passivation films as thin as 165A
surface passivation technology for stailess which were formed by oxidation at 550'C for 9
st eel(2) th at forms highly corrosion hours are very dense films having no pinhole
resistant films on its surface. Since the di fect s. Figure 2 shows t he outgas
passivation film shows excelont anti- characteristics from the inside surface of
corrosion characteristics against violent stainless steel tubes which were passivated
gases like Cl 2 , HCI, and so forth, the by various methods. They are the changes with
deposited materials on the passivated time of the water content in Ar carrier gas
stainless steel chamber surfaces are aLle o during 120 minutes of flow. The sample
be removed by dry etching using there gases. passivated by the technology (shown by solid
Thus the automated cleaning operation has circles) shows the decrease of water content
become possible instead of manual cleaning, to 2.5 ppb, the background level, in 10
Furthermore,the passivated surface exibits minutes after the beginning of measurement.
minimized gas molecule adsorption as well as The results indicate that removal of water
outgas-free characteristics. As a result, adsorbed on the surface is greatly enhanced
the new passivation technology has shown by the passivation film formation. Table 3
large impacts not only on processing chambers shows the measured water content in Ar
but also on a number of components made of carrier gas when passed through various kind
steiness steel such as gas pipes, gas of tubes which were kept at 1201C, 2001C, and
components, vacuum components and so forth in 300'C for one hour(5). It is obvious from the
order to realize high performance processes, table that the total amount of water released

In this paper, we describe the formation from the sample (d) passivated using the new
of passivation films on stainless steel by technology is smallest of all. It is
-ompletely moisture-free thermal oxidation conclused that the complete removal of
and the characteristics of these films. Anti- moisture from the oxidizing ambient is
corrosion characteristics as well as outgas essential to minimize the ouigassing from the
characteristics are also presented in this passivation film.
Fpaper.

The best quality of passivation film o
0.5mm thick stainless steel(SUS316L) stainless steel surface is formed by

plates of 35mm in diameter was used for oxidizing the surface using completely
oxidation ,xperments, which were mirror- moisture frce oxgen, at temperature above
poFi shed on one sid s by electro-chemical 550'( for more than 9 hours, with mirror
buffing. Oxidation was carried out in qualtz polishing of the stainless steel surface. The
tube furnaoc at 400-600"W usinq dry oxygen film is consisted of a dense layer of
gas, the moisture level of which is less than Cr 0 , existing at the surface, and exibit
10pph. Prio to the oxidation, stainless steel esxellent corrosion-resistance as well as

l., wr ],,aned in NH ON/IF 0C and rinsed degassing-free characteristics. The-;.
i lI wa ,r,. After F)F etohin of n at iv passivat ion fi I ims have a wide range of
,x , li wtr rinsing, and IPAilsopropyl app) cat ion not only to high pet forman,-,e
Al h(I) vapui drying, the plates were put pro-essing equipment but also t) a number of

IIjh fIo funa' in an argon gas ambient, and othet ultra -lean qradi compoents suh as,
P h, Ti ×xdisid. The bLi Im ciard-teri stlrs wore procoe- chamber, clean cyl iiner, gas del ive y

.i-1ly/,d ty I i - m,,i ry and ESCA anti thc syst em and th, I ike. The t "alt zat i (n if
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m ain te nanTce free equipment b y t h is Table 3 Impurity concentration in argon gas
passivation technology is especially passed through various kind of tubes.
impartant for autosated IC manufacturing. I pb)

We express heartily thanks to Kobe TEMP.
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Table 1 Thickness and refraction index of the C
passivation f il1m f or vari ou sF. CQ
oxidation conditions.

OXIDATION OXIDATION OXIDE FILM RERCTIVE
TEMPERATURE TIME THICKNES INDEX Svutter Tim. (--,,d,)

(VC) (Hr) IA)

40 TA14 2.71 (b) S US3 1 6L - ECB -5 50VC- 9H,

4 Ito 2-87 Fig. 1 Chemical composition of pass ivat ion

1 125 2.93 film in various oxidation conditions.

2 126 2.91
500

4 126 2.96

9 24 2,90

130 1.02 101

55O 4 141 5.13 - SUS3I6L-MP
1 64 2.96 o -G~ SUS31r.L-EP HNO,

600 4 156 3.3 500 U36- O

Table 2 Corrosion resistance of passivation
film in 35% NCl Solution.
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Abstract No. 397

The wafer carrier with compact cLeaning
A METHOD OF LOW CONTAMINATION device could not be Loaded onto aLmost all

FOR AUTOMATED IC MANUFACTURING the station of process equipments without

UTILIZING THE WAFER CARRIERS reconstruction of interface mechanism.
WITH COMPACT CLEANING DEVICES because the standard interface of process

equipments were made for onLy the motion
A.Mechid. S.Tobuchi, S.Effuku, A.Ablru of standard wafer carriers. To break the
and T.Matsumoto problem, we designed a mechanism which had

a same efficiency of cLeanliness as the
Process System Div. orIinaL wafer carrier with a compact
FUJITSU LIMITED cLeaning device and could be Loaded onto

1015 Kamlkodanaka. Nakahara, Kawasaki Japan the station of process equipments without
[ any reconstruction.

In IC manufacturing, it is most efficient

to make Local area surrounding wafers In 1987. we made a first prototype of
clean. Then we need the technique to clean this concept. That was a compact air

smeLl area using compact cleaning devices, shower box (AS-BOX). which holded a

standard wafer carrier while transporting
In 1984, we made a concept to clean onLy and freed the wafer carrier when it was on

inner area of a wafer carrier by the station of process equipment. The size

continuous air flow using a compact and weight of AS-BOX were almost same as
cleaning device. In 1986. we made first them of the originaL wafer carrier with a
prototype that structure was a wafer compact cleaning device.
carrier which had a small cleaning device.

including a secondary battery as a power By the concept of AS-BOX, we will be able
source. a motor fan, and an air filter to manufacture high quality ICs In a low
(ULPA fiLter), and a storing chamber, Level clean room or absolutely not in the

directly connected to the air cleaning clean room. We estimated the possibility
device for storing the wafers. Total size and utility of this concept by use of the
and weight were under 1.5 times of a prototype of AS-BOX in our Laboratory.
standard plastic carrier.

In an environment of over class
1.000.000, the wafer carrier was placed
and the motor fan was operated. After 30

seconds operation, the resulted cleanness
inside the wafer carrier was below 3
(O.lmlcron class). This means that the
number of particles larger than 0.1 micron
contained in the wafer carrier was below
1. (The volume of the 6 inches wafer
carrier is approximately 0.1 cubic feet)

2S silicon wafers (6 inches diameter)

were stored in that wafer carrier and the

same number of the wafers in a standard

pLastic carrier at the same time. for 72

hours, in a clean room of class 1.000

where operators were working. The number

of the particles with sizes larger than

0.2 micron. attached to surface of the

wafers, were measured. The incLease in the

number of the particles after 72 hours.

was 16 per wafer in average for the new

wafer caarier. and 1600 for the standard

wafer carrier.
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Abstract No. 398

A NOVEL CVD SYSTEM WITH SELF-CLEANING with a turbo molecular pump (20001/s) to the
FUNCTION FOR THE AUTOMATION OF LSI pressures of less than 5 x 10 Torr even
MANUFACTURING during the heating of the substrate. An ultra

pure source gas (Si2 H6 ) filled in an ultra-
clean cylinder was supplied into the chamber

T. Ohmi, G. S. Jong, M. Morita, M. Kosugi, through the ultra-clean gas delivering
and H. Kumagai* system(3). The source gas was directry

introduced only onto the substrate surface
Department of Electronics, Tohoku University with high velocity through the gas nozzle
Sendai 980, Japan having a diameter of 50 um, for suppressing

the thermal convection even when the
*Tokyo Electron Limited substrate temperature is raised up. The
1 Higashikata-machi, Midori-ku, Yokohama 226, pressures near the amber inner surface was
Japan approximately 10- Torr during the film

formation. The Si substrate was
preferentially heated by the irradiation withA novel Chemical Vapor Deposition (CVD) the collimated light of a xenon lamp. The

system with self-cleaning function which is chemically-cleaned and dried Si substrat.
characterized by no deposition of the having a diameter of 50 mm was set flat on
reaction by-products on the chamber inner the susceptor in the reaction chamber by the
surface has been developed for the automation loadlock system with electrostatic wafet
of LSI manufacturing in the future. In this chuck(4), which was utilized so as to prevent
system, the film formation is performed by the contamination of the reaction chamber by
the surface reaction without the vapor phase the impurities in air during the
reaction, which is realized by using a free- transportation of the wafer.
jet molecular-flow gas supply into the ultra-
high vacuum chamber, resulting in expelling Figures 2 and 3 show the flow rate
the manual cleaning of by-products deposited dependence of the film growth rate of
on the chamber inner surface. The high-rate epitaxial Si on p-(100) Si and polycrystaline
(0.8 Aim/min) film formation of epitaxial Si Si on SiO2 (100nm)/p-(!00)Si for the substrate
has been also achieved at temperatures as low temperatures as a parameter. High-rate film
as 700oC. formation (0.8 Am/min or higherl of the

epitaxial Si on the Si substrate has been
In order to control the CVD process in achieved at temperatures as low as 700 C for

the LSI manufacturing automatically, it is Si H flow rate of 100 scem. The reflect ive
indispensable to maintain the cleanliness of elVcfron diffraction pattern indicates that
the reaction environment in the chamber. In the epitaxial Si layer posseses a hiqh
the conventional CVD system which is widely crystalographic perfect ion (see Fig.4). The
employed for the formation of various films, film formation was concentrated on the
the source gas flows the whole reaction substrate surface and on the heating
chamber at a viscous flow. The viscous-flow susceptor surface.
gas supply essentially accompanies the vapor
phase reactions of source gas molecules(). It is concluded from these results that
The vapor phase reaction results in the the film formation in this system is
creation of microparticles and the deposition dominated by the surface reactIon withou!
of a large amount of the chemical by-products accompanying the vapor phase reaction, which
on the chamber inner surface. The by-products is realized by supplying the source gas onl
deposited on the chamber surface act as onto the heating substrate into ultra hilh
contamination sources in the film formation vacuums at a free-jet molecular flow. And
process while fabricating LSt devices. The the ultra-high vacuum system enable to
ceaceless manual cleaning to eliminate the eliminate by-products from the substrat,
by-products from the chamber inner surface surface immediately, resulting , the high-
has been really carried out in the LSI rate and high-quality film formation. The
production line. This cleaning procedure single wafer processing machine which forms
causes the frequent suspending of the machine the film with a good uniform thickiess on the
operation and the degradation of the wafer having a large diamem -an be realized
environment cleaniness in the chamber, by applications of these tichnoloies. i I
Because the chamber inner surface is system has gotten the featurc-, that th,
contaminated by air; particularly moistire cleaning proceduir op,ninq the react Icr
molecules whenever the cleaning procedure is chamber is not necessary aid thaI t I
carried out. Thus, it is very difficult in react ion cnvi rcnimeni is i idd d of the,
these conventional CVD system to control the contamination, result In ftror that Ithe ly-
chemical reaction automatically, because the products deposition on the chambet itlnI
film formation mechanism inevitably includes surface is prevented due to suppresino the,
the process contamin at ing the react ion vapor phase react ion of the coor co ge1
environment. In this paper, we discribe a extremoly. The periodical tsef-ctIalIn(
novel CVD system using a free-jet molecular funct ion equipped both by using ihe -ie-habci
flow, which has the cleaning-free function to and -h1 '.L~og system of which the Innt
keep the cleanliness in the reaction chamber surfaces are passivated by lie kit ii l a
at all t imes. oxidat i intSt and by usinq ct-hlsq qa l :t ,i-

as C1 2 a itd Hal, will -emplet
The schematic diagram of the newly pef ormanes foi t ite auI mau i l1

developed film format ion system(2h is manufacturinq.
11lustrated in Fig.. The inner surface of
the stainless steel c-hambi r is ioat d with an 'll I ; udy was; ptrit c , d s i t th, 4 p,
anticorrosive TiN layer. In order to <'lii C oosp iir 1,-ta l ta ty I MII 1-] t!i. 1,
eliminate the impurit i S itt the react L oni 1, s t, rc-h In I i I If I , -1 1 I I
chamber, the chamber is always ptumpd dow; nommun i at i()n, Tti, kiI vs. i -I y.
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Abstract No. 399

Results from Comparing an used which contains sets of patterns and line widths
Open Area SMIF Isolation Site designed to maximize the ability of the structure to capture

(OASIS) with a Cleanroom defects over a range of defect densities. The test chip,
shown in Figure 1, was also designed to minimize testing

R.A. Hughes, G.B. Moslehi, D. M. Campbell, errors.
E.D. Castel, K. Radigan, L. Walsh, Expermental Phases: The experiments involved several

National Semiconductor Corp., 4001 Miranda Avenue, basic phases. In the first phase, the mechanical
Palo Alto, CA 94304, and W. Lukaszek functionality of each piece of equipment was checked and
Stanford University (CIS) Stanford, CA. 94305 detailed operating procedures were developed.

INTRODUCTION: One potential means of increasing The second phase involved qualification of the
INroducti andnretitall as inheasig photolithographic equipment and processes. This was a
productivity and creativity, as well as cutting the basicparticularly sensitive and difficult task because the
costs of producing semiconductor devices, is to eliminate equipment was old (first generation) and the process was
the need for cleanrooms. This paper describes the resuK., current technology.
obtained in a project established to demonstrate the Visualization tests, airborne particle counts and PWP
feasibility of processing wafers in an open area (i.e., a measurements formed the third phase of expements.
typical office environment) while maintaining a defect In the fourth phase, a comparative study between
density equivalent to that obtained in a cleanroom, cleanrooms and the OASIS line was made. TheResults are presented that were generated using experiments consisted of processing parallel lots of
Standard Mechanical Interface (SMIF) and isolation wafers in the cleanrooms and in the OASIS facility. Figure
technology with a standard photolithography equipment 2 shows the processing steps used for fabrication of the
module. defect-sensitive electrical test structure, which requires

BACKGROUND: Since Hewlett-Packard first published one masking level. The process sequence involves
their SMIF ideas many companies have investigated this oxidation and metallization, followed by lithography
concept as a means to improve the conventional (prime, spin, expose, develop, Inspect), and ends with
cleanroom environment. The Qpen Area EMIFJsolation metal etch, strip, and electrical test. Comparisons were
Bite (OASIS) project' .2 was initiated at National made only for the lithography portion of the process flow.
Semiconductor Research to investigate the advantages Data Analysis Technioues: Several Methods were used
and problems associated with eliminating the need for to analyze and screen the electrical data. First, wafer
using a cleanroom. While References 1 and 2 describe maps showing test structure defects were generated.
the motivation, goals/objectives, and experiences These wafer maps were used to eliminate systematic
obtained in establishing the OASIS facility, the resulting defects (using algorithms, optical and SEM microscopy,
experimental data and conclusions will be presented in etc.). The remaining defects were verified for
this paper. randomness using statistical techniques. Test structure

Photolithograohv Equipment Module: The separate yields for the known areas were then used to calculate
pieces of process equipment used in the OASIS room for defect densities using standard yield models.
this comparison study consisted of a vacuum prime oven, RESULTS: Pror to processing the lots of 25 wafers for
coat bake/develop bake track and a 1OX stepper. Other comparison of the electrical data, PWP data were
major pieces of SMIFed equipment are for inspection/CD generated. Results were obtained prior to any clean-up
measurement and surface particle counting. With the and at subsequent intervals after that time. As expected,
exception of the inspection/CD measurement equipment, dramatic order of magnitude improvements were made as
all the equipment was re-engineered, cleaned and a result of being able to monitor and control each
modified to improve airflow patterns inside the enclosures enclosure.
before canopies were added. Other results that were obtained during the
Evaluation TechniQues: Four techniques were used to preparation period show the times required to clean-up
evaluate the quality of the photolithographic operations the equipment after a significant repair has been made
conducted on the OASIS line: airflow visualization tests, and the enclosure has been exposed to the open OASIS
airborne particle counts inside equipment canopies, environment.
measurement of the number of particles added to the
wafers during processing, and electrical measurement of Electrical te results were generated from the wafers
a series of passive test structures. that were processed cn the OASIS line and in the other
1. Airflow Visualization Tests. Before the equipment fabs. Results will be presented which show omparsns
canopies were designed and major changes made in the from an initial phase where preliminary OASIS results
equipment airflow, visualization studies were conducted (yield and defect densities) were compared to two working
to understand the existing flow patterns. Tests were fabs and for the final phase experiment where OASIS was
repeated after the equipment changes to check the cleaned and fully characterized prior to similar
results, comparisons.
2. Airborne Particulates. Airborne particle measurements SUMMARY
were conducted with optical particle counters. One of the prime reasons for conducting the OASIS
Additionally, the particulate levels in each piece of investigation was to challenge whether or not cleanrooms
SMIFed equipment were continuously monitored and and their associated costs and hostile working
displayed using an automated central sampling system. environment are really necessary. While one OASIS
3. Particles Added. Measurements of the particles added lithography module cannot be extrapolated to make
to the wafer during each processing step or PWP conclusions about a complete manufacturing line, the
(particles per wafer) were performed on bare silicon using results obtained to date indicate that no difficult
a laser surface particle counter. technology is required whick would preclude such an
4. Electrical Measurement. An Electrical test structure was 584 event.
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APPLICATION OF SURFACE PHOTOVOLTAGE TO observed in wafers with higher values of
diffusion length (>60m). Heavy metals 

from a

MONITORING OF HAVYMETAL CONTAMINATION AND contaminated field oxide furnace caused

REPRODUCIBILITYOF INTERNALGETrERING DURING stacking fault nucleation and decoration in

these wafers. A similar relationship was also
IC PROCESSING observed during the bipolar process. A

substantial reduction of yield caused by an

increase in leakage was related to heavy
L Jstrzebsld, R.oydn metals introduced during epitaxial growth

DavidSarnoff ResearchCenter (Fig. 2) . The heavy metal contamination

PrincetonN.J. 08540 during epi growth was not high enough to
cause haze in the epi, but the SPV
measurements were able to reveal the presence
of these contaminations.

. P nIc-r.** . LDiffusion length measurements for
internally gettered and float zone wafers

uig the constant signal photovoltage method
are shown in Figs. 3a and 3b. A linear
dependence between the light intensity and

INTRODUCTION the reciprocal of absorption coefficient is
observed for float-zone wafers. Two separate

The application of aurface photo Yoltage regions aie visible for short and long
(SPV) to monitor the presence of heavy metal wavelengths in the inteLnally gettered
contamination in oxidation furnaces has been wafers. For the short wavelengths most of the
investigated. SPV has also been used to minority carriers are generated in the
monitor the reproducibility of denuded zone denuded zone and reach to the surface. Bulk
formation in internally gettered wafers recombination in the denuded zone is much
during CMOS and bipolar processing. Until slower than interfacial recombination at the
now, rhe denudcd zone depth has been oxygen precipitates, and therefore the
typically monitored by etLhl,g of cleaved or diffusion length of the minority carriers
angle lapped silicon wafers. The SPV method generated in the denuded zone is controlled
is non-destructive, does not require any by the denuded zone depth for these
additional sample preparation (test wavelengths. The i-tersection of this line
structures), and provides information very with the "x" axis corresponds to the depth
quickly. Therefore this approach is of the denuded zone. The dependence for the
attractive for QC monitoring of the denuded longer wavelengths is not yet clear, but it
zone and heavy metal contamination during IC is believed to be influenced by the bulk
processing. precipitate density. At low bulk precipitate

densities the long wavelength dependence is
EXPERIMENTAL sublinear, whereas it is superlinear with the

high oxygen precipitate density (Fig. 3b).
Heavy metal contamination in oxidation The denuded zone depth, and the bulk

furnaces was monitored using 100 mm in dia. precipitate densities (as revealed by etching
float-zone n- or p- type, 10-20 Q-cm s~licon of cleaved wafers) are listed along with the
wafers. For CMOS and bipolar devices standard diffusion length measured by SPV (Table !).
CZ wafers were purchased from three different It seems that the wafers with the highest
manufacturers (100mm Dia. 1-5 Q-cm) with 15- oxygen precipitate densities have a
17 PPM of interstitial oxygen. The oxygen conversion factor close to two, whereas in
precipitation kinetics of internally gettered wafers with the lower precipitate density
wafers was optimized to give the most LtJs factor is one. The conversion factor is
efficient internal gettering during CMOS defined as a ratio between the denuded zone
processing (1). The diffusion length and the depth and the diffusion length. This is
interstitial oxygen concentration of the consistent with theoretical predictions (2).
control wafers were measured after various SPV was able to reveal the initial stages of
processing steps by SPV and Fourier the oxygen precipitation which could not be
spectroscopy, respectively, in the control detected by IR absorption. Therefore, during
wafers. These wafers did not go through photo annealing, SPV measurements wer, more
steps and did not receive any implantation or sensitive to the formation of oxygeii
diffusion. Otherwise they were processed precipitates than IR absorption. When the
identically to product wafers. A number of diffusion length reaches a value which does
samples were removed after each processing not change any further with subsequent heat
step. They were cleaved and etched to reveal treatment, its value corresponds to the depth
the precipitates and the denuded zone. of the denuded zone formed.

EXPERIMENTAL RESULTS CONCLUSION
Good correlation was established between

Figure I shows the relationship between yield degradation and an increase in the
normalized yield of C

2
L circuits and heavy heavy metal contamination level, as monitored

metal contamination level in the field oxide by SPV during CMOS and bipolar processing.

furnace. A significant reduction in Since the measurements are carried out
normalized yield took place two weeks after a without any additional preparation, they can
large reduction in the diffusion length provide recovery lifetime information more
values was observed. Wright etching of rapidly than any other technique. Since a
silicon wafers with low diffusion lengths relationship exists between the values of
(<20pm) revealed a large number of stacking diffusion length and the denuded zone depth
faults. These defects, which were associated in the wafer with the well developed denuded
with leakage and yield decrease, were not

98t,



zones, SPV can also be used to non-
destructively monitor the uniformity and
reproducibility of the denuded zone depth
ccross a wafer and from wafer to water.
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Abstract No. 401

Development of On-lined method gauging a total oeiglit results gauged with the nen method and those nith

of foreign matters In IC pute oater conventional ones. Fig.3 shoes It's result. The

concentration of Inorgancsi Is calculated from the

Sankichi Takahashi, Yasuo Koseki value of specific conductivlty. The limit of each

Hitachi Ren. Lab.. Hitachi I.. conventional method in gauging makes each line for

4026, Kuji-cho., Ilitachi city, Japan. them deviate from it's results gained In range of

higher concentration. The result of the new method

I. Introdution makes a good coincidence with the result added each

Foreign matters In IC Iuo.- ', - r.fered te result of inorganics, organics and SIOe.

make a great influence to a quality of SiO, film 4. Field test result

forced on a wafer. So that, It is important to get The method is made a test in a real water system.

correct datas on a quality of eater on real lime. the It can clearly sence the change of water quality

ster quality is generally evaluated with five items riven by each water treatment.

of specific condutivity, TOC and so on. 5. Conclusion

Others than specific condurt ivity are gauged in 1) Development of the new on-lined method makes

otf-line. Moreover, The value for each item required it possible to gauge the eater quality of IC

for IC manufacure has almost been heyond the limit pure eater

In gauging. Then, se planned to develop a r.u on- 2) It can evaluate the total quantity of

lined method which mold more directly evaluate an foreigners in water

infInre given by foreign m,tle's to te q'iility 3) The value gauged has a good coincidence with

of film. result added inorganics, organics and SiO.

2.Pririple and apparatus of a vnv mthod. which is measured by each present methods

Figure I shoss a schemalic diagram of apparatus.

After gauging a air floe rate, Filtral ing gels- tvii'i n' .... o 'i

clean air out of dust or 0. lim over in nice. The

water is atomiced into fine droplets with a n .le

driven with the clean air healted to 70 V.a, (it co-"

droplet immediately and completely apoo, ice ,olf41f Y

and makes into a fine particle sispedirig in t1, air

f low.

It in made from the foreigners tried ,. H total

olume of particles is calculated on tire cntI

equat ion from the number and diameter rf t hem gauged ti.. 1. $c,*tin .. Sr.. o f .e... inIt

by a laser particle cotUltr whi,'h coo ho measured to

O.um in diameter.

v -0.521' - x I' l, i t r,-,

Their shapi and size is obseved by 1SV4 too. The I1 -

eater Is fened by a feed sy., em uh irk in pa id thre i ~ ~ f 1  ~
greatest attention to it never to give any contami, -. 4 .7

nation to the eater. 1C it) 'l .

3. Fperl.etal resnlts hi Uo i
2

7

Their shape in sphere o 0.08 to 1 -i ii diameter.i

As the concentration of foreigners gets loner, The kt/L R 
t 

- "' i-,.-i

diameter gets smaller. Fig.2 dhon the relet in I
t  I. c .

between a concentratinn and a total volume. the limit lk '1 Ii' hi
t 

i" I) i' k I hi Itti

of a lasqer cointer in gaiuging makes it wider thie i [, I J S llhgl
]

differne between a coal,-ulted I ine ;,ad c-p- imn-eol Fit. . hntlnsmhlp. bmt., It.

results In aouge of 100 ppm ht t.,.l |or tCnrt) *na .mm

SO that, The devlelment ;n m n basis of Itie tt ntlel.t

line experimental y got. om ,Fo- imnis for It: pure . .t..

mater are made to n-rtify th. rla In hooen tln..ml s4ttmrtlurl
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A DISTRIBUTED ARCHITECTURE FOR Accordingly, compiled programs and recipes
REAL-TIME IIEURISTIC FACTORY CON TROL are generated and modified to accommodate the

exact characteristics of I specific machine,

BARBARA IARTEIISEN then downloaded to the tacget machine in time for
the product arrival.

MOTORBLA, INC.
Compliance to the planned model is ensured through

5005 E. MCDOWELL ROAD, h.D. EllO the implementition of an execution control
PHOENIX, AIZONA 85008 subsystem referred to as process control

managers. The execution control subsystem
Fundamental to the pursuit of Computer Integrated receives the processing plans and directs the
Semiconductor Manufacturing is the realization uI a the eecution of processing activities relative
"To Be" enterprise model or arihitecture, a vision to the plan. The execution control subsystem is
that continuously evolves but is always aligned to able to recognize real time exceptions to the
the fundamental design criteria of a distributed- processing plan, and analyze recovery alternatives
networked virtural system. Implementation of this ensuring minimum impact o current and future
architecture provides a persistent distinct plans. Finally, tie knowledge resulting from
competitive advantage through the utilization of the analysis of tiose leviations and successes
the most accurate and competent manufacturing is strei in tee know I,? doeain for future
resource: The knowledge hase o, tie factory use in ,,i t e 1t,, , ",rocet configuratios.
floor.

In order to rinst cffIcienily manave ard utilize
The strategc objective the enterprise model massive quantlties of dati elements and associated
achieves is the on-time delivery of perfect information, frumcs are used to represent facts
quality product. The enterprise modl is and relationships, surh a; resources and tneir
comprised of tao general models cuptorting respective attributes. Data structures .re
capacity driven logistics and prccess organized so that objerts can be easily associated

characterization/control. These two with a collection of featires both descriptive and
general models are tightly coupled en!)l in the procedural. These are depicted as slots with
enterprise architecture to control the excution of their associated contents. Franes are presented
processing, in addition to providing an optimum as two-part nodes: The fixed node represents the
plan and schedule. These models are driven by permanent attributes of an object, and the
knowledge data bases which custom tune the models to variable node houses the changing attribsntes and
the relative uniqueness of each nroressjng current associated values. This organication
area. These subordinate entitiec of the enterprise allows predictions to be made without complete
archtecture work in concert to first predict knowledge of all variables.
and configure, then to execute t, tIe ' OtI"in
model. This tonfiguration resolVes the A logically distrituted a-chitecture is splectec
historical difficulty in supplying guneric in order to pro ide a platform for cnmpany-wsce
solutions that maximize software development modular expantJbility, flexibility, and

but are not specific enough to ensure redundancy. Logically, modules have tqo
precise execution to the goals. Both the logical personalities: generic and specific. Procedures,
and functinnal deucriptions of t, architeture relationships and functions that are rnomen to

are presented. all manufaciring areas ae expressed as standard
alogrithos in the generic modules. These generic

Functionally, higher l(vel systems present to the or fractal svxs ioccgrate to a specific set of
model, the prioritized customer or foreasted shells which become personalized as scrits" are
demands that the eiterprise model cmolos with the selectned to comprise a frime, filling in toe
current process description and ret hive vrible slots in the no ledqe ocmin. Specitic
specifications. This is also the criterion to which cfiw re moi les t o en te sle of ators"', Cs
the rustomer will measure the quality and usefulness frames are invoked.
of the deliverahle. The model interpretets, from
the knowledge domains, the networks of Fossible Network concepts are explred in doeth. The
processing flows and resource consmmpfln formulae distributed notworked arcitecture is implemented,
required to plan the process activities of each using a communicait t control application aer
demand, in order to facilitate the model that manages message passing and their respective
representation of the factory. routing belweon processes or either a tecat or

remote node. Message destinations can each be

The arbitration of committments for resources to identified loqicall or pysically, as required by
process material is resolved by ai objective functiin tie appli cation. This network manager, rofered to
that reflects the current strategic nusiness needs as the network objort, ensures a high speed

of the company. A primary output of this simulation communication link between generic and specivic
is the micro specification "when and where" process sets for the duration of each
necessary to process each demand. The exact conversation. Network flexibility and tuning are
sequence ef processing events evpressed in time implemented on a functionil application bis,

ictervals of seconds, crjmled with exact resoarce since it is ait his lev,! that 'e r.les vcr
comittments, are passed both to the factory floor concectirn'dis7onnect ion tr defined. The
in order to direct material movements and also netuork manager provides a low overheat
tv the generic process control moiles that distribution of information. allowing logical
interface irectly to the process equipment. Using referencing so that generic and specific
tie specific knowledg, of the product and machine integration af processes can occur.
states, coupled with the accumulated knowledge of
previous experience and adaptive techniques, the
process control modules predict the optimum process
plan.
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Beyond the Spreadsheet: (number of), processing equipment (number of,

Wafer Production Planning with productivity, reliability, setup and loading),
Start/Demand Rate Calculation through preventive maintenance, product mix, lot size,

Simulation Models. rework and yield rates, dispatch rules and lot
start policies.

Richard A. Zuanich,
Donald F. Ruffcorn, Manufacturing Model - A manufacturing facility

Maurico G. C. Resende* is modeled as a network of queues serving
production work stations. Product lots move

National Semiconductor Corporation into the queues and are routed to a piece of

2900 Semiconductor Drive equipment in the work station by dispatch
Santa Clara, California 95052 algorithms. FabSim II operates by maintaining

a dynamic list of scheduled events, such as:

'consultant, AT&T Bell Laboratories processing completions, equipment failures and
repairs, and lot starts. As events occur, the
state of the modeled system changes, statistics
are collected, and new events scheduled. The

FabSim 11 simulation and calculation tools, frequency of these events is controlled by user-

generally found on a mainframe, now run real- defined parameters that include lot start rates,

time on an IBM PC/AT (with a 8-MIP OPUS 32532 equipment failure rates, and process
cpu card) that is integrated with the CM specifications. User-friendly interfaces allow
coputcar thtwisrintradtith f sters the factory and work flow to be defined incomputer network. Production forecasters detail.

simulate a manufacturing model (equipment,

operators, dispatch algorithm, work-in- Performance - FabSim II is written in 'C
progress,...) to calculate model statistics running under Unix System V. Performance of
(wafers out, inventory, cycle-times,...). An FabSim II (on the 8-MIP 32532 cpu) allows
inventory projection algorithm then transforms simulation of 10 products processed through 60
the wafer demand schedule into a new (and steps at 38 work stations (containing 60 pieces
better) wafer start schedule from these of equipment) for 50 production days in 11
statistics. Other FabSim II user services are seconds (cpu time). This corresponds to
for CIM data loading, user interfaces, and model approximately 122,000 simulated events per
building conventions. minute.

The application and use of FabSim II is described References

in terms of the manufacturing work areas
modeled, the gathering and network loading of [1] J. E. Dayhoff and R. W. Atherton, "Simulation of

CIM data to FabSim II, simulation runs and VLSI manufacturing areas," VLSI Design, Dec.
comparison to actual tab behavior, 'what-if' 1984.
manufacturing capacity use and results, the
critical elements for long and short term [2] M14. G. C. Resende, "Shop floor scheduling of
predictive behavior, and the hardware support semiconductor wafer manufacturing," Ph.D.

environment, dissertation, Dept. Industrial Engineering
Operations Research, Univ. California, Berkeley,

FabSIm II has been specifically designed to CA, 1987.
provide an on-line tool that can be used for two
main manufacturing planning functions; produc- [3) C. Rodger Glassey and Maurico G. C. Resende,
tion planning and capacity analysis. "Closed-Loop Job Release Control for VLSI

Circuit Manufacturing", IEEE Transactions on
Production Planning - FabSim II can be used to Semiconductor Manufacturing, VOL. 1, NO. 1, pp.

determine a product start schedule from input 36-46, Feb. 1988.
demand, taking into account current work-in- FabSIm II
progress and t h expected manufacturing Production Planning Feedback
environment. Iterative runs of the simulation

using updated cycle times can provide a more wt,~,.Omn
accurate start schedule than currently used non-
simulation techniques.

FebSim II

Capacity Analysis - FabSIm II can be used to swml.tion
assess the impact of factory design and w Model Star. u.1

operating policies on product throughput, cycle Pa, P.Z '.,

times and work in process. Parameters which
can be studied include; facility personnel Error Fe.dbak (Waer. o,1.i
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Dynamic Capacity Planning Using References:
Simulation Models
SimultW. Atiton M1. R.W. Atherton, "Factory Scheduling Using

Robert W. Atherton Simulation Models," Proceedings of the Third
In-Motion Technology Symposium on Automated Integrated Circuit
444 Castro St., Suite 434 Manufacturing, Electrochemical Society, Prin-

Mountain View, Calif. 94041 Ceton, New Jersey, pp.333-345, 1988.

The factory is a physical system, and 2. R.W. Atherton and J. E. Dayhoff,
thus, it has a physical limit or capacity "Signature Analysis: Simulation of Inventory,
(1,2). Accurate determination of the capacity Cycle Time, and Throughput Trade-Offs in
of real factories under dynamic conditions is Wafer Fabrication," IEEE Trans. Components,
difficult. This difficulty has lead to the Hybrids, Manufacturing Technology, vol. CHMT-
use of standard, but approximate, capacities 9, 498-507, 1986.
(3) in production planning and factory
design. Errors in these capacity estimates 3. T. E. Vollman, W.L. Berry, D.C. Whybark,
naturally propagate into errors in planning Manufacturing Planning and Control Systems,
and design. Simulation-models, however, Dow-Jones Irwin, Homewood, Illinois, 1984.
provide more accurate values for dynamic
capacity, and thus, a more firm basis for
production planning.

Dynamic capacity is the capacity of the
factory under dynamic operating conditions
and with dynamic loading. This capacity is
usually substantially less than the theoreti-
cal or "spreadsheet" capacity calculated from
load sizes, processing times, and number of
machines. Such calculations neglect several
phenomena which result in capacity losses in
real factories. These phenomena, treated in
the simulation-model, include congestion and
delay (queueing), product competition, equip-
ment availability, set-up effects, batching
effects, and rework.

Electronics factories like wafer fabs
contain several different types of manufac-
turing equipment. The factory may be or-
ganizeod into work centers or work stations;
eZ4, wurk scoLujj contains a sei of lire
equipment. A process flow or manufacturing
routing determines the path and set of work
stations necessary to complete fabrication.
For the process flow each workstation will
have a dynamic capacity, and there will be a
minimum capacity among the set of worksta-
tions. The minimum capacity determines the
limiting or bottleneck work stations. Thus,
the dynamic capacity of the factory for the
process flow is the capacity of the bot-
tleneck workstation.

Different process flows can impose dif-
ferent demands on the factory, and thus, ex-
perience different dynamic capacities. In
the standard operating mode for wafer tabs,
products from several processes must be
fabricated simultaneously. Calculating the
dynamic capacity for a mixture of process
flows is especially difficult.

The simulation-model generates a variety
of output variables describing factory per-
formance. These system performance variables
include queue lengths and waiting times,
throughput reports by process step and by
work station, and equipment utilization
reports. Analysis of these performance vari-
ables allows the determination of bottlenecks
and dynamic capacities under the conditions
simulated.

Bottleneck analysis can be complex.
However, the interpretation of the simulation
results has been reduced to a set of cases.
Each case is characterized by a set of rules.
These rules have been incorporated into
software, and this software can be viewed as
a rule-based expert system.
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Real-Time IC Process Control Automation b. Work cells can expand to interface with VAX or

Using Expert Systems MICRO-VAX systems as integration of the factory
system into CIM becomes more practical.

C. Fred Hiatt
c. Software modules can be developed generically (by

Prosys Technologies, Inc. operation type, i.e. photo, etch, deposition). These

Computer Aided Processing Group modules are then 'customized' for specific machines

Minneapolis, MN 55431 and process parameters. The system is capable of in-
teracting with the domain expert(s) thereby 'learning'
from their experience and capturing the best of the

Introduction expert's knowledge.

Computer-Aided Manufacturing (CAM) and Computr- d. Microcomputers at the work cell level make

Integrated Manufacturing (CIM) systems being developed knowledge base and rule storage easisi to _--age.

by universities and industry are responding to concern Faster access is possible than a mainframe multi-

about the United States microelectronics industry's user computer since the knowledge, data and rules

ability to compete in worldwide markets. Software now for each module are stored locally. In addition, the

available or being developed for the semiconductor in- knowledge base and module rules may be easily up-

dustry tracks wafer progress through the process line, dated to include process changes and new technol-

assists in scheduling, collects process-related data and ogy.

then presents this data in a variety of report formats
for interpretation. However, due to the complexity of e. Data processing between work cells via a network

modern processes it is not possible, using current sys- provides backward and forward communications

tems, to analyze or act upon the data in a timely man- during problem or status analysis. This analysis

ner. The result is process deviation and product failure, capability is crucial for real-time process control.

One solution is to develop Computer-Aided Processing f. Statistical Experimental Design (SED) and Statistical
(CAP) using expert system technology to capture the Process Control (SPC) methods can be used to assist

knowledge of one or more human experts, analyze the in development and transfer of new processes.

available data in real-time and provide automated closed
loop control of the manufacturing process. The CAP system accepts input from the domain

expert(s) for manual data entry as well as data query.
The system collects real-time data from the physical

Expert Systems environment (clean room) as well as from the production
equipment, both of which directly affect process perfor-

Evolving from computer science technology's research rance. Machine failures or process settings outside of

into artificial intelligence, the expert system concept is designated limits are recognized and reported to the

a useful tool to address integrated circuit processing user along with the corrective actions to be taken. Sys-

with its multiple variables, uncertainties and subjective tem overrides allow the process engineer to run experi-
measurements. By combining the expert system concept merits without system interference. System data can be
with traditional software techniques, an innovative way queried by run/lot number, date of process, process

to deal with qualitative as well as quantitative process- machine ID or other process parameters. The result is

ing data and variables is created. an ability to analyze faults or failures by process step,
machine used for the process, date the process was per-

An expert system consists of two main components: 1) a formed, or a combination thereof.

knowledge base containing the domain knowledge of the
expert as well as the real-time (variable) observations Applications for the CAP system being developed are
and 2) an inference engine which contains the rules and not limited to integrated circuit manufacturing. This
general problen solving knowledge by which the reason- concept can be used for any automated manufacturing
ing process is guided. Thus a knowledge based system process control application which contains many interre-
can manipulate knowledge by algorithms and heuristics lated variables.
(rules of thumb) to reach a conclusion. Figure 1. is a
simplified diagram of an expert system. Conclusion

Computer-Aided Processing In reviewing the current status of factory automation,

the work cell modular approach to process control as

The CAP system is designed to provide real-time process described above has real merit. Integrating the expert
control using a microcomputer-based expert system. The system concept into a process control strategy increases
system monitors, controls the process and advises the the capabilities far beyond traditional approaches. A
process engineer of unusual process conditions requiring computer-aided processing expert system provides the

immediate human intervention. The system 'learns from foundation needed to achieve a CIM system. Integrated
the process engineering expert (domain expert) and, over circuit manufacturing technologies are complex. The de-
time, becomes a 'smart system' thus making the expert's pendence on computer systems to process data and make
knowledge available regardless of the work shift or other decisions based on experience and intelligent reasoning is
reasons for the expert's absence. In addition, the CAP an absolute necessity. Efficient and highly productive

system adds discipline to manufacturing operations and manufacturing systems are essential to the economic
allows the expert to concentrate on more challenging welfare of this industry.
manufacturing tasks.

The CAP system utilizes a modular approach to control
each manufacturing process work cell (see Figure 2.). A

work cell is defined as a machine or group of machines
which perform(s) a major process function (photo, etch,
deposition, etc.). The advantages to this approach are:

a. Modular systems are easier to implement on a work
cell by work cell basis and can be interconnected via
a network as the installed system base grows.
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EXPERT SYSTEM CONTROL OP DIELECTRIC FORMATION or 83) language. This is supported by I rule bases:
(1) an "equipment" rule base which has information on

M.N. Kozicki, T. Patel, P. Rastogi and G.5. Sheets equipment capabilities, (2) a "process" rule base
Center for Solid State Electronics Research which defines the effects of process parameters on the

Arizona State University product, (3) an "adaptable" rule base which contains
Tempe, AZ 85287-6206 the rules for updating the other rule bases when new

information on the effect of processing becomes
Introduction available from subsequent process or measurement

steps. Maintenance information may also be used to
As the processes used in the fabrication of advanced update the equipment rule base through the rules in
silicon integrated circuits become more complex, there the adaptable base. Since we cannot measure the
is an ever increasing need for a higher degree of growth of the oxide or the nitridation of that oxide
process control. This is becoming evident at the in-situ, an accurate simulation of the process is
individual process level, process cell level, and included and this acts as a "dynamic rule" which may
ultimately at the production line level. With be used in one of two ways: (1) it can help with
decreasirg lateral and vertical dimensions within the decisions regarding set-up parameters, e.g. choosing
devices and circuits, small absolute deviations in an appropriate temperature and time to grow a
parameters such as layer thickness, resistivity, etc., particular thickness of oxide, (2) it may be used real
will naturally mean large relative errors. These time, being fed with measurable parameters from the
errors, if they occur at a critical process step, will system at regular intervals, to simulate the
ultimately lead to device characteristics which are dielectric formation as it occurs so that the control
out of specification. Therefore, tight process system can make decisions on what action should be
control is particularly important in critical process taken in order to stay "on target". The final area in

tsteps. the system contains the 1/0 functions, and these

include equipment controllrr and user (or cell control
Optimal process control is traditionally achieved in corpurvr) interfacing. A serial data link joins the
many processes within the semiconductor industry by two con,p'ters.
strict adherence to the long standing "non-alteration"
creed, where individual pieces of equipment are System Operation
dedicated to "set" processes which require identical
"set" process parameters. Unfortunately, this We have operated and evaluated the system in a number
approach is slowly becoming impractical as flexible of modes: (1) selection of set-up parameters for a
manufacturing concepts are beginning to be applied in particular process by the expert system/simulation
the semiconductor industry. The possibility of combination, (2) real time process control by
"application specific processes" is highly desirable simulation only, (3) real time process control by the
and will ultimately lead to a high degree of product expert system/simulation combination, (4) post-hoc
optimization. Unfortunately, we are therefore faced process control using parameters measured ex-situ.
with something of a dichotomy as tight process control The "set-up mode" relies on rules which govern
by traditional means and flexible manufacturing are equipment limitations (e.g. highest possible
largely orthogonal concepts. This dichotomy may be temperature, minimum processing time, etc.) and
broken by utilizing a control system which is process rules, i.e. which temperature ranges will
sufficiently adaptable to cope with process conditions produce the appropriate type of dielectric in the most
which not only change during the process (e.g. real ergonomic fashion. Once temperature and time ranges
time temperature control) but also may be deliberately have been selected, the simulation is used to
altered from run to run. determine exact set-up parameters which are then fed

to the process system controller. Process control by
This paper reports the design of such a control system "simulation only" relies on the real time simulator to
based on an expert system core. Our test application "monitor" the dielectric formation and cease
is the formation of dielectric layers for MIS devices processing when it calculates that the desired effect
by rapid thermal processing. (e.g. thickness) has been achieved (11. When combined

with the expert system, decisions as to which
Process and Control Equipment parameters to alter may be made during the process so

thot the effects of fluctuations which arise during
The equipment used in this study is a Tamarack 180M processing may be nulled out. This brings us closer
rapid thermal processor which has been modified to to the "perfect part every time" concept. Finally,
perform dry oxidation and ammonia nitridation at the "post-hoc" control experimentation was designed to
atmospheric pressure. The dedicated system controller test the system's ability to adapt to conditions the
is an IBM-PC which runs a customized software PID expert system failed to predict during processing and
temperature controller which is fed with wafer could only be determined by subsequent ex-situ
temperature readings from an infra-red pyrometer (Fig. measurement, e.g. constant or regularly changing
1). Note that this system will act to maintain offsets which arise due to problems with equipment
temperature for a preprogrammed time and in no way can calibration.
determine whether the correct process result (e.g.
oxide thickness) has been obtained. The PC would Our system performed adequately during simple
normally also be used for user interface functions, functionality testing. However, it should be noted
but in our application it is merely required to that in a real process control situation, all the
continually monitor and control the wafer temperature above functions would be combined and he performed by
and to communicate with an external control system. a more powerful control computer so that more complex
(Note that essentially any equipment controller with real time functions could be realized.
an appropriate communications interface could be used
in this control concept, e.g. a OPC/DTC unit on a
diffusion furnace).

The external control system resides on an AT
compatible (80286) machine (Fig. 2). The size and i. E. Cameron, J. Robertson and R. Hlwill. "Control
speed of this machine limits functionality but it is of oxide growth by real-time simulation", in
nevertheless adequate fot concept demonstration. The Simulation of Semiconductor Devices and Processes,
controller system wheel is shown in Fig. 3. The core Vol. 2, K. Board and D.R.J. Oven, Eds., Pineridge
Is an expert system written In a high level "OPS" (5 Press, Swansea, U.K., 1986.
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Abstract No. 407

Ultra-High-Vacuum Cumpatible the total insulator thickness is reduced by
Wafer Transport and Holding System using thicker polyimide layer, a large

Using Electro-Static Chucks attractive force ( about 40% of te
calculated value ) was obtained for 3Spm

T. Ohmi, M. Onodera, G. Sat-, T. Shibata, thick polyimide sample. In order to enhance
and M. Morita the attractive force, it is essential to make

a chuck surace as smooth as possible. The
Department of Electronics, metal electrode typically made of SUS 3!6L

Faculty of Engineering, Tohoku University, was mirror-polished to create a smooth
Sendai, 980, Japan surface which is both microscopically and

macroscopically flat. Then polyimide was
Phenomenal growth in the integrated coated onto the electrode surface. After

circuit technology has been observed during being cured, the polyimide surface was also
the last decade, and the manufacturing of mirror polished to get excellent planarity.
ULSI chips with submicron to lower- A thin over-coating layer of polyimide of
submicron design rules will come about in about 2-3uim was spin-coated on the
very near future. In order for such LSI surfa-e for blocking contaminations
manufacturing in ultimately small dimensions introduced during polishing. The thickness
to be successful, the accuracy of process of total polyimide layer is typically in the
control must be much higher than that we have range of 30-60pim, and attractive forces over
today. Such high-accuracy of process control 50/o of the calculated value are typically
will be realized only by eliminating all obtained. Large attractive forces obtained is
possible contamination sources from the quite important to realize a precise
processing environment that cause temperature control of wafers during
uncontrollable fluctuations or ambiguities in processing. With the configuration shown in
the process (1)(2). This is why ultra high Fig. l(a), it is also possible to control the
vacuum compatible chambers are needed for wafer DC bias voltage by the LC power supply
future ULSI fabrication process equipment. V2, which is important for controlling ion
The most important issues of ultra high- energies in plasma processes such as in the
vacuum system are how to transport wafers RF-DC coupled mode bias sputtering(6).
quickly and reliably in a high vacuum and The electro-static chuck used for wafer
also how to hold wafers firmly on wafer transport is illustrated in Fig.l(b), which
stages in order to get a good thermal contact holds a wafer at the periphery from the front
as well as an electrical contacts. surface by two electrodes. The charges

induced in the two electrodes by an
We have developed wafer transport and externally applied voltage are distributed

holding systems using electro-static among the wafer and the two electrodes as
chucks that meet the all requirements shown in the figure. As a result, the wafer
mentioned above. Since wafers are not hold sticks to the chuck without applying any
mechanically but by an electro-static force, biases to the wafer.
the system is essentially particle-free. The
purpose of this paper is to describe the The electro-static chuck wafer transport
basic characteristics of electro-static and holding system designed for ultra high
chucks and the method of fabrication. vacuum ion-implanter is schematically shown
Application of the system to various advanced in Fig. 3, Wafers are loaded on the holding
processing equipment, such as ultra-ilgh chucks in the Ist chamber and transferred to
vacuum ion implanter(3), surface-reaction the transport chuck mounted at the tip of the
CVD system, reactive-ion etching system etc. flog-leg, which conveys the wafers from the
are also presented in this paper. 1st chamber to the implant chamber.

The structure and the principle of Excellent thermal contact of the wafer to the
operation of electro-static chucks are shown wafer holder prevents the temperature rise
in Fig. I. The holding chuck that is used to during the implantation that is quite
hold wafers during processing is illustrated important to suppress the damage formation in
in Fig. la).The wafer is stuck to the holder the ion-implanted layer.
by a Coulomb attractive force between the Figs. 4 and 5 show the electro-static
charges induced in the wafer and the holder chucks for wafer transport specially designed
electrodes which are separated by an for the reactive-ion etching (RIE) system and
insulative layer formed on the electrode. The the surface-reaction CVD systemld4l5),
force of attraction is calculated as, respectively. Four wafers are simultaneously

JSV
2  

held by four wafer chucks and transported to
the etching chamber by a frog-leg mechanism

2.
d2  

in the RIE system.
where,Eois the permittivity of free space,
Ethe dielectric constantof the insulator, Electro-static chucks have been
d the insulator thickness, S the electrode developed to construct a new wafer-transport
area, and V the voltage applied across the and holding system. The system has
insulator determined by the voltage source V, established a particle-free wafer
in Fig. l(a). The results of calculation is transportation in ultra high vacuum
shown in Fig.2 along with the experimental environment in combination with a flog-leg
data where polyimide was used as an mechanism. Exellent thermal contact of the
insulator. Large difference observed betwee,i wafer to the wafer stage as well as the
the calculation and the experimental data i.. electric potential control of the wafer
due to the surface roughness of the during processing has been also realized by
insulator. The surface roughness, creates the electro-static chucking technique. Suh
a qap between the wafer surface and the systems will play important roles in futuro
insulator surface, which reduces the ULSI automated man,,facrur ing that require
ef fect ive dielectric constant of the high precision control of all processing
insulator. Since the gap spacing relative to steps.
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Fig. I Schematic of a electro-static chuck
used am a wafer stage during processing (a)
or that used for wafer transport (b).
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W *Fig. 4 Four electra-static chucks mounted at
O) the tips of a flog-leg for transporting

Xj wafersfrom the loading chamber to the etching
0 chamber of an advanced RIE system.
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Fiq. 2 Force of adhesion as a function of
electric field for varying polyim ide Fig.5 Transport wafer chuck utilized in a
thicknesses, surface-reaction MV system.
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Abstract No. 408

Automatic Chemical Supply Unit and Systna 2.3 Type of Unit

Mitsuro Tamura, Tsugio Saito, Sehiro Oshim and Anaki Yamasita

KANTO CHEMICAL CO., INC. Various kinds of chemicals are used in the semiconductor

Chuo-ku, TOKYO, Japan manufacturing factory and the chemical consumption depends

on the kind of chemical.

*. Introductin Types of unit are selected by considering the chemical

The chemicals used ii the semiconductor industry are mainly a-mption, area and location to be installed, required

used for washing and etching process. Since these chemicals floe rate of chemicals and type of chemicals.

contact with silicon safer, it is essential that these chemi- Representative types of automatic chemical supply unit

cals be of consistently high quality. In particular, chemi- are :

cals so prepared as to minimize metal impurities and particles, (1) Sall-scale supply unit: Cica S -agon

which adversely affect the characteristics and the yield of (2 nos. of 15-202 Containers-Filter-tPoint of use)

semiconductor device, are in great demand. (2) Medium-scale supply unit: Cica IS-IO0

Current semiconductor manufacturers request the extreme (2 nos. of loo l Containers-Filter-Point of use)

high purity chemicals which present ppb level or less of the (3) Small-scale fixed type supply unit

metal impurities (specified on SEMI Standard) and lOpcs./ma (lO0 l container-c
2 
nos. of Supply Tank-Filter-aPoint

or less(O.Ssm) of particles. of use)

Automatic chemical supply unit and system sere developed to (4) Large-scale fixed type supply unit

(1000 1 Container-nPre-filter-Storage Tank-52 nos. of
distribute such high purity chemicals to the semiconductor Supply Tanks-Supply Filter-sPoint of use)

processing equipment and these unit and system have been c- Chemicals are distributed under N, gas pressure from

timely adopted by the Japanese semiconductor manufacturers container to each processing equipment directly via micro-

during the recent years. filters for small-scale and medium scale supply unit. With

Advantages of automatic chemical supply unit are as follows. regard to fixed type, chemicals are received to storage and

I) Automatic supply prevents chemicals from contamination /or supply tanks and then distribute to each point of use

with particles usually encountered vsen manually opncring
and closing of cap of small container from which chemicals via aicrofilter by Nz gas pressure.

are poured into the tank of processing equipment. 2.4 Safety Measure

2) It is possible to distribute the low particle content chem- Many of the semiconductor chemicals are highly hazardous

icals chich sere filtered just before using by the micro- and great care shall be taken when handling these chemicals.

filters incorporated into the supply unit and system. Following consideration have been taken into the automatic

3) It eliminates handling operation of chemicals in clean room. chemical supply unit as safety measure.

Therefore, it elilminates generation of particle from oper- (1) Protection against the leakage of chemicals and chemical

ator and chemical container, serves saving of labor and gas.

serves safety operation. (2) Selection of proper materials which have the corrosion

4) Distribution from large chemical container allows easy resistance against the treating chemicals.

quality control of chemicals. (3) Function of checking if the connecting parts such as

However, automatic chemical supply system have some prob- connector of chemical containr are securely connected.

les as summarized bellow. (4) Safety device for protection of operators such as door

(1) If quality problem develops, It will affect the entire switch of chemical container booth. (Na gas pressure in

system. the container is released when door is opened.)

(2) If chemicals leak from piping, it is highly dangerous. (5) Protection of electrical equipment and parts against the

(3) If unit and system are in trouble, chemical supply stops. corrosion caused by chemical gas.

Measures against above problems are listed bellow. 2.5 Piping

(1) Either implement receiving check or purchase chemicals Materials of chemical piping are stainless steel for

from chemical manufacturers sith tight quality control. solvent and fluorocarbon polymer for corrosive.

(2) Protection of chemical piping and valves by double layer There are two different method for corrosive piping, one

piping and protective box. is fluorocarbon polymer lining stainless pipe and another

(3) Adoption of reliable supply unit and system, is double layer piping (itside: PFA tube, outside: PVC

Automatic chemical supply unit and system sill produce many protective tube). Double layer piping is adopted in mast

advantages but also create problems as described above. It is, of the Japanese semiconductor manufacturer because of the

therefore, essential to maximize the advantages and minimize following advantages.

the problems. (1) Seamless piping of WA tube is practical and it is supe-

rior in leakage trouble compare with flange connection.
2 . Outline and Current Status of

Automatic Supply Unit and System (2) Easy piping cork.

2.1 Supply Method (3) Easy quality control (If there Is a pinhole In the lin-leg part of fluorocarbon polymer lining pipe, metal (Fe.
There are two different types of automatic chemical sup- nI Cr wiludissolved in ica sod it i f-

Ni, Cr) will dissolved into the chemical and it is dif-

ply method avallable at present, one is N. gas pressurizing ficult to find the part of pinhol).

supply method and other is pumping supply method. Most of

the Japanese semiconductor manufacturer adopt the N2 gas 3 . Future Innovation

pressurizing supply method from the viewpoint of easy main- The automatic chemical supply unit and system have been

tv.-ve and maintaining the quality of chemicals. Improved regarding to safety, simple operation and high per

2.2 Main Materials of Unit formance, but still have some points remaining to be improved.

Automatic chemical supply unit and system have two types modified and developed such as pumps, valves, fittings, mate-

classified by kind of chemicals, one is for corrosive (Acid rials, filters, etc.

and Alkali) and other is for solvent. Main materials of

the unit are fluorocarbon polymer for corrosive use and Nov, coming into the era of the megabit, se have to pursue

stainless steelI for solvent use. more reliable supply unit and system to challenge the supply
of ultrapure chemicals.
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A SMIF-Vacuum Interface Chamber for 200 am In Fig. 2 a description of the
Wafer Cassette Loading and Unloading of a mechanics of the newly developed device is
Multichamber Etching Apparatus given. Preliminary results regarding

particulate generation and cleanliness of the
main components were obtained exploying

1. Russia, M. Walde, and P. Zeidler measurements of the air borne particles.
Leybold AG, Coating Technology These measurements are backed up by particle

Electronics and Optics measurements on-the-wafer by means of laser

Siemens Strasse 100, 8755 Alzenau/FRG surface scanning methods.

In order to approach a higher level of ACKNOWLEDGEMENTS
computer aided semiconductor manufacturing
(CAM), the Standard Mechanical interface We would like to acknowledge that this work
(SMIF), a Hewlett Packard product (Ref. 1), was funded by CEC in part via ESPRIT I463
is already used and tested by major contract, a joint venture between Bertin &
semiconductor manufacturers. The future Cie (France), European Silicon Structure
manufacturing concept will be a modular local (France), Mietec (Belgium), Plasma Technology
cleanroom one with micro climate zones and (UK), and Leybold AG (W-Germany). The
standardized interfaces to Class 10,000 project is concerned with automatic control

environment (Ref. 2). An improved dynamical of an ASIC fabrication sequence as
SMIt Lox L ai, 7"ll 7 C:,.: A1an -, with demonstrated in the plasma etch area.
fan and HEPA filter will be employed (Ref.
3). For the etching equipment vacuum References:
elevators for individual wafer handling are 1. "Robotic Automation for IC Manufacturing'
used. Therefore, there is a need to develop Howard R. Huff, Rose F. Hole, Microelec-
a SMIF vacuum interface chamber. tronic Manufacturing and resting, April

1986
Main operation of the designed SMIF 2. "Computer Automated Ic Manufacturing

vacuum interface chamber is to bring a Demands for VLSI Wafers",
cassette for 200 mm wafer processing from any Solid State Technology, September 1985
environment via SIF box into the vacuum 3. Asyst Technologies in cooperation with
cassette elevator of the etching equipment. Meissner & Wurst, Stuttgart, and Fraun-

The interface chamber is built as a hofer Institut fur Produktionstechnik
separate unit at the cleanroom front of the und Automatisierung (IPo, Stuttgart.
etcher and consists of a SMIF box interface
(ports), a horizontal cassette transport
system, a two-stage vertical cassette
elevator, a mechanical interface to the
individual wafer handling cassette elevator
(load lock to vacuum cassette elevator), and
a laminar flow system, class I.

In Fig. I the adaptation of the designed
SMIF vacuum interface chamber onto a
multichamber production etching equipment
Leybold MPE 3000 is shown. Two independently
working interfaces (SMIF box ports) are
actually needed for loading and unloading of
wafer cassettes from the SMIF box into the
vacuum individual wafer cassette handling
chamber. The device is a Leybold patent and
the design concept is based on the following
criteria and additional demands as given by
the semi-conductor industry:

(i) Lowest particulate generation due to
installation of cassette drives under-
neath individual waferhandling.

(ii) Minimum of moving parts.
(iii) Installation of interface under laminar

flow, class 1, or better.
(iv) Smallest cleanroom footprint possible.

(vJ SMIF box interface height 1000 mm (SEMI
standard).

(vi) Coupling of SMIF box following general
SEMI standards.

(vii) Compatibility to other systems.
(viii)hafer sizes up to 200 mm.

~qqq



FIGURE 2

Mechanics of a SMIF vacuum interface chamber:

FIGURb I 
a) SMIF box b) SMIF box interface
cI Laminar flow d) Horizontal movement

Adaptation of a SMIF vacuum interface chamber 
e) Vertical movem. f) Wvafer cass. elev ator

(a) to MIPE 3003, a three-chamber etching gI Vacuum cassette h) vacuum interface

system with vacuum wafer-transport-chqmber elevator

for individual wafer handling (b). i) lock for indiv. wafer handling MPE 3003
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Abstract No. 410
to purge toxic gases, oxygen and combustible gases

Safety hode Standardization for Semiconductor hould be the normally open (NO) valve which is openedManufacturing Equipment by shutting off the power supply.
2)When the shut-off valve consists of an

Hideyuki Unno and Hiroyuki Harada electr.magnetic valve and as air-operated valve, each

valve must be used as follows: A combination of the NC
NTT LSI Laboratories electromagnetic valve and the NC air-uperated valve

should be used for toxic gases, oxygen and combustible3-1. Moriniosato Wakamiya. Atsugi-shi, Kanagawa Pref., gaath243-01 Japan gases, and a combination of the NO electromagnetic
3 Ja-v

c 
- the NC air-operated valve should be used for

I. Introduction the purging gas,
3)The power of the equipment attachment, such s aSemiconductor manufacturing equipment uses dangerous toxic gas cylinder cabinet, should be taken from the

gases, chemicals and high voltage in the clean room, main equipment power source. The valve in the
which is a closed space and has been further equipment attachment should be closed by shutting off
complicated recently. It is difficult for workers to the equipment power and thereby stopping the toxic
stop the equipment safely and quickly when an accident gas.
occurs. Manufacturing equipment now more than ever
needs emergency safety features. Present safety 2.3 Alarm and Status Signal Interface
features for manufacturing equipment are independently
provided by each equipment maker and are not 2.3.1 Alarm Signals
standardized. Furthermore. due Lo automated IC I)An alarm signal should be either a voltage signal or
manufacturing, the number of workers employed in an IC open/close circuit signal using two terminals.
manufacturing line has decreased. Therefore, safety 2)Under normal conditions the voltage signal sent from
mode standardization for automated IC manufacturing is the alarm is OV. When an abnormal condition is
desired in order to ensure that manufacturing detected, it changes from OV to lOOT(or commercial
equipment can be stopped safely, despite the fewer voltage of each country).
number of workers present. 3)The open/close circuit is normally closed, and is

In order to ensure safe automated IC manufacturing opened when an abnormal condition detected.
lines it is necessary that the safety mode for not
only equipment but also facilities connected to the 2.3.2 Equipment Status Signals
equipment et al. are standardized. This paper proposes The equipment should have an open/close circuit to
a safety mode standard fo" manufacturing equipment indicate the equipment state. This circuit is closed
which is a basis for standardization. The Proposed under normal conditions and is open under an abnormal
standardization feature is "power-off safety mode- one.
where the power-off state actuates the safety mode for
manufacturing equipment. When an equipment accident 2.4 Alarm Level to turn to the Poser-off Safety Mode
occurs, 6n - the power-off switch or an Alarm levels from various detectors which actuate the
alarm circuit linked to a detector the power is shut power-off safety mode are different because of the
off and the equipment is stopped safely, detector's reliability and their installed position.
Simultaneously the s-pply dangero,,s gases such as AlIhoug, alarm levels can not ho nCdjed i-1q-J,
hydrogen, oxygen and toxic gases used in the equipment the following should be generally considered.
can be shut off automatically. Inert gas such as
nitrogen or argon automatically purges the gas lines I)Toxic Gas
that supply the dangerous gases. Gas concentration in a working environment should

2. Details of Standardization be less thn threshold limit value (TLV) of each toxic
gas. However, alarm level of detector installed in the

2.1 Power-off Switch closed equipment which does not leak gas outside
should not be fixed at TLV. This is because thelIThe Power switch should be the self-hold type to detector fixed at TLV occasionally gives a false alarm

Prevent an automatic power supply after the recovery signal. Alarm level to adequately detect a toxic gas
from an interruption of electric service and must have leak must be discussed.
a shut-off terminal that connects with an alarm
signal. The shut-off signal is sent to the shut-off 2)Combustible Gas
terminal through an electromagnetic relay. The shut- Alarm level to stop an equipment should be less than
off signal from detector, such as a bimetal sensor, a quarter of the lower explosive limit of each
that does not have a power supply may be directly sent combustible gas.
to the shut-off terminal.
2)The emergency switch shuts off the equipment power 3) Earthquake Acceleration Level
and should be placed where it can be seen most In case of shutting off the power with a
clearly, such as on the front operational panel. The seismograph. he acceolratton level for power-off is
height of the emergency switch should be 150cm±1Ocm 10 gal.
above the floor.
3)When the equipment is composed of multiple units, 4)Others
emergency switches are accordingly placed at each Alarm levels for a fire and a water lea:i etc. is
unit. The function of each emergency switch is the fixed by the circumstances of each manufacturing line.
same, and the power to all the units is shut off when
any ore of the emergency switches is depressed. 3.Summary
4)When the equipmeoit is placed between the clean-space We have proposed a safety mode standard that shuts
and the power-space in the clean room, an emergency off the power by depressing the emergency switch or.
switch is provided on both the clean-space side and by receiving alarm signals sent by various detectors,
the power-space side. By shutting off the power the dangerous gases are

shut off and the gas lines are automatically purged hy
2.2 Gas Shut-off Valve inert gas.
l)The valve used for toxic gases. oxygen, and By standardizing the safety mode of manufacturing
combustible gases should be the normally closed (NC) equipment the total safety of manufacturing lines
type, and should be be closed h 0he poer shut-off which include facilities cosnected with equipment can
switch in emergpncies. The valve to livw inert gases be assured,

no;
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INTEGRATION OF AUTOMATED REAL-TIME DI WATER this example, data collected between periodic checks
MONITORING WITH THE IC MANUFACTURING PROCESS 300 and 325 could be used for processing decisions only

with caution since the measurement process was out of
J. Seaton. D. Grossman, and S. Becker control at that time, as evidenced by the points lying

beyond and repeatedly near the 3-sigma limits.
Honeywell Solid State Electronics Division Equipment adjustments at periodic check 170 led to

Research and Development Center improved measurement precision as indicated by the
12001 Highway 55 tightening of the 3-sigma limits.

Plymouth, Minnesota 55441
The configuration of Di monitors, PC and facility

To achieve a controlled IC manufacturing process, all computer used at Honeywell to integrate the automated
important variable inputs must be either controlled DI water monitoring process into the manufacturing
themselves, accounted for by the adjustment of other process are illustrated in Figure 2. Analytical results
variables, or continually monitored so that processing are collected from the monitoring equipment and
may be halted should they exceed specified limits. The organized in real-time by the PC. A continuously updated
importance of ultra-pure DI water as a variable in IC display on the PC screen and pre-set alarm levelc -!
manufacturing is well established. Of equal importance used to contr.! IC processing by immediaLely notifying
is the integration of the information collected from the the operators when levels are approaching or have
DI water monitoring system with the IC manufacturing exceeded the levels at which processing must be halted.
process. Trends are easily observed by using a graphical display

of current and previous variable levels (see Figure 3).
Implementation of an integrated DI monitnring/IC Statistical control charts for the monitoring equipment
manufacturing system should proceed through the can be automatically updated and displayed to insure the
following stages: integrity of the measurement process.

-Determination of significant variable inputs Data are also transferred to the facility computer for
-Establishment of real-time monitoring further analysis, historical data file compilation and

capabilities for each variable distribution to system users. Tht3e historical files and
-Assurance that monitors are run under the statistical capabilities of the larger computer have

statistical control with adequate precision proven useful for correlating DI water contaminant
- Establishment of real-time display and analysis levels to processing problems. Such correlations form
- Implementation of data archiving the basis for rational DI water contaminant

specifications. New specifications are fed back to the IC
Significant DI water variables for IC processing might processing area in the form of revised alarm and warning
include resistivity as well as silica, total oxidizable levels. Through this process, the IC manufacturing
carbon (TOC), and particle levels. Automated real-time technology dependence of processing DI water
monitoring is essential since the lag time associated specifications is elucidated and reliance on third party
with grab samples and laboratory analysis precludes the specifications is avoided. Figure 4 illustrates som
immediate use of the data for ongoing processing historical Dl water TOC levels collected at Honeywell
decisions and grab sampling frequencies can not follow' with the high frequency sampling capabilities of the
the faster variable fluctuations. Interfacing of the automated monitoring and data collection system. This
monitoring equipment to computers permits the data led to a correlation between TOC levels and wafer
implementation of automated statistical control as well hazing during wet chemical processing. Revisions of

as data collection, display, analysis and archiving. processing DI water specifications could then be made to
eliminate the problem.

Not only contaminant level data but also data
representing the performance of the monitoring Automation and integration of the DI water monitoring
equipment (i.e. the results of automated calibration/ process into the IC r,.n.aufacturing process resulted in a
standard checks) must be collected and analyzed in more fully controlled IC process and nearly $100,000 in
real-time. Continual analysis of this performance data annual system monitoring cost savings due to a reduction
by statistical process control techniques can insure the in labor and off-site analytical fees.
reliability of analytical results. Control charts fnr
individual calibration measurements or calibration
subgroup ranges have proven useful for this purpose.
Control charts and other statistical tools can also be
used to insure that the measurement pecision meets the
important criterion of being significantly less than the

variability of the measured input. Figure 1 shows such a
chart for the periodic calibration check of an automated
DI water silica analyzer. The 3-sigma statistical
control limits are shown on either side of the process
average. Only when the calibration checks fall within
these limits can the analytical results hr reliably used
for processing readiness decisions, -orrelation of
processing problems to contaminant levi,. specification
setting, and control of the water purification process. In
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Image Processing for Wafer Identification 3 Image Processing

Makoto Fukuda Image processing consists of image input, orientation-
flat detection, mark reading, and result output(Fig.2).

N'.~r LSI Laboratories

Figure 3 illustrates the image input system. This
3-1 Wakainiya, Morinosato, Atsugi-shi, 243-01,Kanagawa-pref., Japan consists ofa CCD camera and a circular illuminating light.

Infrared LEDs are used in the circular light to avoid resist
exposure. The combination of a diffraction grating mark

1 Introduction and circular illumination relieves the mark direction
constraint. The position of the orientation-flat on a wafer-

The recent ASIC manufacturing requires the individual circumference is detected by a circular mask search
level wafer control in order to correspond to product method. In this method, a wafer-circumference curvature is
variability increase. Automatic wafer identification is a detected by a circular mask on an input image(Fig.4).
key technology for individual wafer control in automatic Orientation flat position and its direction are obtained from
ASIC manufacturing. the curvature information. In the mark reading process, a

The conventional wafer identification technology has floating threshold level resolves the brightness change
been incapable of obtaining sufficient mark contrast on problem caused by different wafer surface conditions. The
inscribed surfaces after such wafer processing steps as host machine typically receives the wafer identified data
deposition and etching. This is because mark surface through an RS232C interface.
topography changes significantly after the processing
steps. Therefore, in-process wafer identification requires
more basic approach to provide sufficient contrast. In this 4 Experiment
paper, an image processing system with a diffractiongrating mark and circular illuminating light is proposed. A mark contrast change with wafer rotation was

The system achieves sufficient contrast for in-process wafer measured using the system and the contrast change was

identification, confirmed to be within 10% in a complete rotation, which
leads to the advantage of identification without
mechanical orientation alignment.

2 Mark Contrast Figure 5 shows the relationship between MCS and LED

There are two ways to obtain scribed mark contrast: one current and it is found that MCS increases LED current.

is using a diffused reflection from irregularly scribed The mark contrasts was measured in various samples on
surfaces, as with a laser scribing mark; the other is using a which a diffraction grating mark was etched in bare Si
diffracted reflection from periodical grating marks(Fig.). surface and SiO 2 film or Al film were deposited. The
It is difficult to obtain sufficient contrast for the diffused results indicate that the mark contrast is not greatly
reflection method because the reflected surface direction influenced by a thin film deposition (Fig.6). Furthermore,
changes with thin film deposition in LSI process. On the it was ascertained that the identification rate was
other hand, the diffracted reflection method may enable the obtained more than 99% even for bare Si with about 45%
mark contrast to be controlled because the reflected MCS. The diffraction grating mark provides sufficient
direction doesn't change even after etching or deposition in contrast for mark reading in thin film deposited wafers.
LSI process. The reflected direction from the grating mark Total identification time, from wafer arrival to reporting

depends on only the grating pitch which doesn't change the identificated data, is less than 2 seconds.
with the etching and deposition. Thus the diffraction
grating mark is useful for in-process wafer identification.

It is difficult to obtain mark contrast accurately from 5 Conclusion

optical characteristics of marksreflection, absorptive In-process wafer ident~fication has become very
properties), light sources(wavelength, illuminating power, important in custom or ASIC semiconductor
illuminating time) and detectors(sensitivity etc.). In this manufacturing. MCS whi.h is an index of a contrast is
paper, a camera signal is used as mark brightness, the useful to evaluate an identification system. The
brightness at a point is defined by the average of 4 points on combination of a diffraction grating mark and circular
neighboring image pixels. Mark contrast signal(MCS) is illumination provides a sufficient mark contrast for
thus defined as follows; MCS=(tmax - I)fmax (V0, where wafers undergoing etching and deposition processes. The
Imax is the maximum brightness in a considered mark developed wafer identification system makes it possible to
area. I is the considered point brightness. MCS represents effectively read identification marks without mechanical
an index of the contrast on an image taken by a camera and positioning and alignment.
it changes with factors such as illuminating power and
time.
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IN-PROCESS MONITORING
BY AUTO FOCUS SIGNAL OF STEPPERS CEXPERIMENT]

1 CHUCK EVALUATION We have appLied

N.Shimizu, H.Ikubo and H.Kozawa this system to characteristic evaluation

Process DeveLopment Div. of some chucks. Stored data are not

Fujitsu Limited inspected one by one. but fitted by Least
Kawasaki Japan square method and indicate the contour map

in order to obtain the profiLe of wafer

This is reported on the process of surface. The relation between wafer warp

development of a stepper-aligner system level and chucking condition is easily

which can monitor wafer flatness during obtained by this method. This method

exposure and its effect. As developing provides the information of, not only
from IM to 4M and 16M. finer Pattern are chuck efficiency but setting conditions.

required. the numerical aperture(NA) Figure 1 shows tipical example.

becomes Lager and depth of focus(DOF) of

steppers becomes shallower. DOF is more 2 DEFOCUS We have investigated the

than 4 micron meters for iM-DRAM at influence of defocus caused by wafer warp.
present. but it is required to be less Figure 2 shows maximum difference of depth

than 2 micron meters for 4M-DRAM. The of eight neighbor shots. Maximum

origin of wafer flatness during exposure difference of depth of them is smaller

are resist and wafer thickness variation than depth variation in the shot.
over topography surface, mechanical Therefore, if this value is smaller than

setting and flatness of vacuum chuck. and the value of DOF determined by optical
contamination of wafer back side. This system, a focus error would not occur. If

warp causes focus error and should be as otherwise, there would be possibilities of

small as possible. This system we some errors.
developed can monitor the warp such as
stated above in realtime and will 3 PRODUCTION CONTROLL We have analyzed

effectively help to cut down the focus statistically by considering the data of
trouble in production line. fifty wafers. The horizontal axis in

figure 3 is the wafer number and the

[INTRODUCTION] Recently. as the vertical axis is maximum value shown in
integration of devices increase finer experiment 2. If the dash-doted line in
patterns are required more and more. In this figure shows maximum tolerance level
order to achieve higher integration the and where is beyond this level, the
precision controll becomes more important warning signal could be generated.
in each process. ALso in photo- Checking this trend chart. We can grasp

Lithography, NA of lens becomes Lager, the the tendency of change of slope, warp, and
DOF becomes severely shallower. Thus setting conditions. It will help to find
precision controLL is required not only the origin of errors, we can prevent a

for optical system but also for chuking trouble from occurring previously.
condition. Deposited films especially such
as silicide make wafer warp by inner
stress and nowadays even chuck structure(
or method ) have to be considered. We have [CONCLUSION) The folLwing conclusion
evaluated the ability of our system by can be drawn.
having investigated the influences of the i This system provides the data of

warp of chucks and deposited films by flatness of wafer under chucking and can
means of measurment of flatness, be used to evaluate not only wafer

flatness but also the configuration of
vacuum chack stage.
2 Setting condition are easily tested

and the aJustment will be done in short
time.

ESYSTEM3 The developed system consists of 3 For DOF of optical system which will
stepper-aligner and personal computer, be shallower in future, this system can be

The stepper is positioned with X-Y stage used to detect the defocus effectively
and aJust the focus by using signal from during exposure.
auto-focus system, then wafer is exposed 4 It is a recent tendency that the
by opening the shutter. This stepper is production controlL is based on
partly reformed in order to take out the Z- statistical anaLisys. and thus this system

axis stage signal and the shutter signal. can be used as a gathering tool of the
The 2-axis stage signal means position wafer flatness data for such statistical
signal of Z-axis which follows to wafer controll system.
warp by auto-focus system. Thus wafer
setting condition can be measured by
sampling the stage signal. When shutter is
opening, the personal computer Picks up
this position signal of Z-axis and
converts these signal from analogue to
digital. We can get necessary information
by various processing of data.

I.n"
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of eight neighbor shots (um)
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Compositional Mapping with the Electron Microprobe and quantify the data require less than 5 minutes.

Secondary Ion Mass Spectrometry The quantitatlon procedure in SIMS uses the method
of relative sensitivity factors. The relative sensitiv-

Dale E. Newbury, Ryna B. Marinenko, David S. Bright, ity factor is a ratio of measured instrument response on

and Robert L. Myklebust one element compared to a reference element, where both
elements co-exist in a known multielement standard. By

Center for Analytical Chemistry means of this factor, the ratio of measured intensities

National Bureau of Standards for the same two species in an unknown can be converted

Gaithershurg, MD 20899 into a ratio of concentrations. This procedure is car-
ried out on a pixel-by-pixel basis in the digitized ion

Microbeam analysis techniques such as electron probe images to yield the compositional maps. Different pro-

microanalysis (EPMA) and secondary ion mass spectro- cedures for digitization of the ion images are used in

metry (SIMS) are traditionally used for quantitative the ion microprobe and ion microscope. In the ion micro-

elemental analysis at single beam locations ("point probe, the ion count rate at each beam position can he

analysis") or along vectors of points [I]. These point digitized directly from the pulse-counting multiplier

analyses are often augmented by images of the specimen detector. In the direct imaging ion microscope, a true

which give some indicvt!o:: cf tc spatial distribution mass-filtered secondary ion image is produced. The

of the elemental constituents. Images can be prepared analytical strategy requires first that the ion inten-

from non-characteristic signals, such as backscattered sity measured at the image detector he converted into
electrons in the FPMA and ion-induced secondary elec- the equivalent ion count as detected at the pulse count-
trons in the ion microprobe, or from signals which are ing electron multiplier [3]. The individual ions which
characteristic of specific elements, such as x-rays in comprise the image may be counted with a positionally

the EPMA or secondary ions in the SIMS instruments. For sensitive direct-to-digital detector such as the resist-

scanning beam instruments, the technique of "dot map- ice anode encoder [51, or the ion signal may be converted

ping" is widely used to produce images with character- to light at a phosphor screeen and viewed with a TV

istic signals. Because of the relative paucity of camera. For the TV camera images, conversion to ion

signal, the dot written on a cathode ray tube (CRT) counts is accomplished by means of a calibration curve

scanned in synchronism with the specimen is intensity- determined on a homogeneous target. Experiments have

modulated to full brightness whenever a characteristic shown that the imaging detector response curve depends

event is detected. This display is then photographed strongly on the specific ion species, so that an appro-

onto film to produce the final image. While powerful, priate response curve must be determined (31. The light

dot mapping suffers from several severe drawbacks: (I) intensity measured by the TV camera is digitized by com-

The intensity range is one bit ("off-on"), and no con- puter and converted into equivalent ion counts with the

tinuous gray scale information is available. (2) The response curve.

count rate at each beam location, which is the basic Once the compositional maps have been determined

information needed for quantification, is lost in the by EPMA or SIMS, the concentration data can be convert-

recording process, and therefore the images are qualita- ed into images by assigning a gray or color scale to

ive in nature. (3) Dot mapping has limited sensitivity, the numerical values and displaying the result on a

about 1 weight percent of a constituent in the best case digital image processor. In this digital form, computer

for the EPMA, and has very poor contrast sensitivity. -aided imaging techniques can be used to enhance the

Although the sensitivity of SIMS is much better, often contrast of the chemical microstructure to render it

in the parts per million or parts per billion range, more easily visible to an observer. A wide variety of

the dot maps are still subject to limitations on the image processing functions is available for this task,

contrast. (4) The image in the form of a photograph is including several developed specifically for microstruc-

not amenable for subsequent processing. In the direct tural analysis (6. The great power of compositional

imaging ion microscope, the secondary ion signal is mapping derives from this combination of the image infor-

converted at an imaging detector into a display which mation, where spatial inter-relationships can be readily

may be photographed or viewed by means of a television recognized, and numerical concentration data (with the

camera. These direct ion images are again qualitative statistics of measurement) available at every pixel for

in nature, because the fundamental information on the subsequent interrogation.

count rate is lost in the recording process. The EPMA and SIMS compositioal mapping techniques

The technique of compositional mapping overcomes are mutually complementary, with the waknesses of one

most of the limitations of qualitative imaging by dot being offset by the strengths of the other. EPMA offers

mapping or direct ion imaging. In compositional map- highly accurate quantitation (- 2% relative) with simple
ping a complete quantitative analysis is performed at elemental standards and a wide variety of associated

each location in an image. The final image is con- morphological and structural imaging techni9 ',es. How-

structed in a digital image processor with a gray or ever, it has poor sensitivty for elements below atomic

color scale which is determined by the actual moncen- number 11, and is inherently a slow process. Trace

trution of a constituent and not merely the raw signal level images at sensitivities of a few hundred ppm re-
from the spectrometer. The strategy for making these quire 10 hours or more. SIMS provides extraordinary
frm e rrascomequatr. tTe strase dfor akig sensitivity in the ppm or ppb range for many elements,
image arrays of quantitative analyses differs according with especially good sensitivity for the light elements.
to whether EPMA or SIMS is used [2,3j. Trace level images can often be obtained in 10 seconds.

In EPrA, the n-ray count rates for each element of Quantitation of SIMS images is subject to far greater
interest are recorded in a computer memory from the uncertainties than EPMA. By applying a combination of
wavelength-dispersive and/or energy dispersive spectro- EPMA and SIMS compositional mapping, many problems in
meters as the beam is digitally scanned in a matrix pat- materials science ca- be solved.
tern. All of the steps necessary for conventional quan- References:
ritative analysis are performed: deadtime correction, I. J.1. Goldstein, D.E. Newbury, P. Echlin, C.E. Fiori,
background correction, standardization relative to pure and E. Lifshin, "Scanning Electron Microscope and X-ray
element or compound standards, and matrix correction for Microanalysis" (Plenum, New York. 1981).
atomic number, absorption, -:d fluorescence effects. In 2. R.B. Marinenko, R.L. Myklebust, D.S. Bright, and
addition, special procedurcs must be applied to correct D.E. Newbury, J. Microscopy, v 145 (1487) 207.
for instrumental artifacts such as spectrometer defocus- 3. D.E. Newbury and D.S. Bright, Secondary Ion Mass
sing [21. The procedure for background correction must Spectrometry VI (in press).
also account for the special conditions imposed by the 4. R.L. Myklebust, D.E. Newbury, R.8. Matinenko, and
act of scanning the beam [4. After all corrections have D.S. Bright, Microbeam Analysis-1987 (San Francisco
been applied, the matrices of raw count rates are convert- Press) 25.
ed into matrices of elemental concentration values. For 5. R.W. Odom. B.K. Furman, C.A. Evans, C.F. Byson.
maps with a digital density of 12Nx2M, the data recording W.A. Petersen, M.A. Kelly, and D.H. Wayne, Anal.
time is approximately I hour for major constituents (> 10 Chem. v 55 (1983) 574.
weight percent) and 10 hours or more for trace consti- 6. D.S. Bright, J. Microscopy, 148 (198?) 51.
tuents (500 parts per million). Computer calculations to
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Neutron Activation Analysis 4

in Electronic Technology Since radioactive decay and detection are
digital processes, an estimate of the analy-
tical precision is obtained from the Poisson

Richard M. Lindstrom statistics of counting. A simple t test
Center for Analytical Chemistry between duplicates shows whether there are
National Bureau of Standards additional random errors in the measure-
Gaithersburg, Maryland 20899 ment process.

S.
As many as twenty elements can be determined
in a single sample. A gamma ray spectrum

Neutron activation analysis (NAA) is one of contains lines from all gamma emitters present,
a number of methods of elemental analysis ensuring that no components are overlooked
that have been applied to the characteriza- because they were not searched for.
tion of silicon and other materials important 6.
in the electronics industry. With the ready Finally, neutron activation analysis is one
availability of high-purity silicon, little of the few methods available with sufficient
characterization of substrate material needs sensitivity for determinaing picogram quan-
to be done, by NAA or other methods, for the titlies of many elements.
fabrication of present-day microcircuit devi-
ces. As the density of devices increases, The broad elemental coverage, nondestructive
however, higher material purity will become nature, and high sensitivity of NAA have
necessary for good yield, so that there will made it useful for bulk analysis, and also
continue to be a need for increasingly sensi- for some specialized problems. The most
tive analytical techniques to solve research common application of neutron activation to
and production problems. It is the purpose electronics materials has been the measurement
of this paper to point out some recent non- of trace (_*g/g) and ultratrace (ng/g) concen-
traditional applications of NAA, as well as trations of impurity elements in bulk silicon
to discuss its use in general. and other materials. Applications have been

made to the determination of minor fpercentl
Neutron activation and other nuclear methods and major components as well, and to the
of analysis offer a number of differences analysis of thin films.
from methods based on chemical reactions or
other atomic phenomena. Some of these dif-
ferences are advantageous in solving research
and development problems:
1.
The combination of simple physics and highly
penetrating probe and indicator radiations
make NAA substantially free from systematic
errors related to the chemical nature of the
sample. Interfering nuclear reactions can
be enumerated by inspection of a table of
nuclides. Interferences can he detected and
corrections made whenever, as is often the
case, multiple activation products or multi-
ple gamma lines are available. Qualitative
identification of nuclides from gamma ray
energies gives assurance that the nuclide
measured is indeed the one intended.

2.
Nuclear methods are complementary to atomic
methods in that the physical phenomena and
experimental procedures mployed are so dif-
ferent that common sources of systematic er-
rors are improbable. For example, if NAA
and atomic absorption spectroscopy agree,
it is probable that both are correct.
3.
NAA is free from reagent blank and other
problems related to sample dissolution.
Many major elements used in electronics --
tt, C, N, 0, and Si -- produce little or no
radioactivity on neutron irradiation so that
matrix interferences are small. Even when
post-irradiation radiochemical separations
are performed to free the nuclide of interest
from a radioactive matrix, contamination by
stable isotopes of the sought-for element
is unimportant.
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BACKSCATTERING SPECTROSCOPY technique with a firm basis in physical principals and

FOR SEMICONDUCTOR MATERIALS well knowu parp7-eters, model pvuctLa can be readily

computed [3,4]. The accuracy of model spectra is clear

when they are used to predict results and design experi-

Joseph A. Keenan ments. Because of the mass/depth distribution ambigu-

Materials Science Laboratory ity a high quality of fit between a model spectrum and

Texas Instruments, Inc. an experimental spectrum is a necessary condition for

P.O. Box 655936, M/S 147 the validation of sample analysis but it is not a sufficient

Dallas, Texas, 75265 condition [5].

Physical and chemical diagnostic techniques seek to

explain the electrical properties of semiconductor ma- [1] W.K. Chu, J.W. Mayer and M.A. Nico-
terial from an atomic perspective. Such direct ica- let, Backscattering Spectroscopy (Aca-

surements are often less sensitive to defect structure demic Press, New York 1978).

than actual device parameters due to their finite spacial

resolution and sensitivity. Therefore synergistic use of [21 P.A. Saunders and J.F. Ziegler, Noel.

physical, chemical and electrical diagnostics is normally Instr. Meth. 218 (1983) 67.

required for an understanding of the role of materials in [3] L.R. Doolittle, Nucl. Instr. Meth. B9

device performance. The cross correlation of physical, (1985) 344.
chemical and electrical data to explain device perfor-

mance requires an understanding of the strengths and [4] E. Norbeck, L.W. Li, H.H. Lin, and M.E.
limitations of the various diagnostic techniques. The Anderson, Nuel. Instr, and Meth. B9

purpose of this paper is to provide the required per- (1985) 197.
spective for synergistic use of data fronm backscattering
spectroscopy. [5] E. Rauhala, J. Appl. Phys. 62 (5)

specroscpy.(1987) 2140.

Backscattering spectroscopy measures the masses(9

of impurities, the depth distribution of impurities and

the stoichionetry of compound layers [1]. For helimn

backscattering quantitative results are derived from fun-

damental physical principals and well known paramue-

ters such that five percent accuracy is attainable With-

out standards. Channeling experiments probe the depth

distribution of disorder and the lattice position of im-

purities. Extremely accurate and sensitive surface anal- - t I ce
ysis is also possible using backscattering spectroscopy. t

Finite mass resolution and poor sensitivity for light cle- a I

ments in a more massive matrix are the primary weak- t I

nesses for backscattering spectroscopy. 
t

Since the depth scale for depth profiles is based upon ,
a knowledge of stopping powers rather than ion sput-

tering rates, buried interfaces are less likely to be dis- t I

torted using backscattering depth profiles. Moreovt-r, V t 1

the backscattering cross sections do not exhibit matrix < t.

dependence. Therefore multilayer depth profiles can I I
be done without complex calibration for each type of t MI¢

layer. An example of the depth profile for a multilay-
ered iolybdenunt-copper mtetalizatiot scheme is shown € I

in Fig. 1. s
s  

t I

The extraction of diagnostic information from back- tt I

scattering spectroscopy requtres expert latterpretalion of I0 00 0 249 0 320 420c;1 oo 1600 2490 3200 4000

tite data and clear presentation of that interpretation Depth I n Angst r-ms

[2]. There is a need for communication between experts

in device performance and the expert in backscatter
ing spectroscopy which can be satisfied in part through

computer programs. Interpretation of a backscattering back cattering spectrum. The layers

spectrutmt faces a critical ambiguity b)cattse the energy are silicon dioxide (2.32 g/cch, moly-
axis is a convolution of the distribution of masses and bdenum (10.2 g/cc), copper (8.96 g/cc),

depth distributions of masses. Therefore, there is 1,t and molybdenum. Layer thicknesses wereselected to allow the mass resolution
a unique explanation for any one ibackscattering spec- needed to study itterdiffusion.

trut. Since backscattering spectroscopy is a diagnostin

6 ]0
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Second, in most solids, hydrogen is by
far the most mobile element by many orders
of magnitude. For example, the room
temperature diffusion coefficient for
hydgogeg in many metals is on the order of
10 cm /sec, which is typically 10 to 20
orders of magnitude larger than theHYDROGEN IN THIN FILMS diffusion coefficients for other common
contaminants such as C, N and 0. This largeW. A. Lanford diffusion coefficient means that if hydrogenPhysics Department is available at the surface of a material,

SUNY Albany it is often available throughout the bulk in
Albany, New York 12222 very short times. Hence, in some

situations, one should consider hydrogen as
one of the components of the material, notThe role of hydrogen in thin films is simply as a possible contaminant.

discussed and illustrated. The fact that
hydrogen is commonly present, very mobile, Third, the hydrogen atom is chemically
and chemically active, results in hydrogen very versatile. If it either takes up onehaving many interesting effects on the electron or gives up one electron, itsproperties of thin film materials, including atomic electrons form a completely full or achanges on the electrical, chemical, completely empty major shell. Hence, it isphysical, and mechanical properties of some happy to react with elements on either sidefilms. Nuclear reaction analysis for of the periodic table of the elemei,,s. Inhydrogen is described and examples of the electronic sense; 'btt means hydrogen can bevarious effects hydrogen can have are either a donor or acceptor; in a morebriefly illustrated, general materials sense, that means that

hydrogen will readily react with most anyUntil recently, analysis for hydrogen dangling bond.
in materials, especially thin film
materials, has been notoriously difficult; Because of the above, hydrogen hasmost traditional methods of analysis are effects on a remarkable range of materialblind to hydrogen. Because of this, the characteristics including: effects on thepossible presence and effects of hydrogen in electrical properties of semiconductorsmaterials had been largely ignored. (e.g. passivating electrically activeHowever, with the development and dopants in crystalline semiconductors),
utilization of nuclear reaction analysis effects on the mechanical properties of(NRA) and improved methods of secondary ion metals (e.g. hydrogen embrittlement),mass spectrometry (SIMS), hydrogen has effects on the chemical properties of plasmabecome the focus Of a wide range of studies deposited materials (e.g. the relationshipin a variety of materials. From these between etch rate and hydrogen content ofstudies, it has become apparent that plasma deposited silicon nitride), effects
hydrogen plays a number of unique and on transport properties of atoms in solidsinteresting roles deserving increased (e.g. the dramatic decrease of
attention. electromigration and interdiffusion of

metals in hydrogen gas), and the ability ofIn retrospect, the features that make hydrogen to "terminate" surfaces orhydrogen unique and interesting are not very interfaces. The above is but a partial
surprising. list; others in the field would likely

First, experience of the last decade suggest a different group of generic effectsFirs, exerince f th lat deadeas well as different specific examples.
indicates that hydrogen is a very commoncontaminant, oerbaos the m common Nuclear reaction analysis for hydrogenement contaminant. This is especially will be briefly described along with some of
true when considering thin film materials the examples listed above.
which are made by vacuum deposition (where
most of the residual gases in the deposition
contain hydrogen), or chemical vapor
deposition (where hydrogen containing
carrier gases are universally used) or by
electrodeposition (where solutions of
hydrogen containing liquids are used). Even
films that are grown without hydrogen often
become "contaminated" upon brief exposure to
air (or poor vacuum, during transfer to
another chamber.
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ACCELERATOR MASS SPECTROMETRY eters. For instance, molecular ions with
OF ELECTRONIC MATERIALS charge states >2 (and = 2 in some cases(5))

are unstable due to Coulomb repulsion, and
J. M. Anthony post-analysis of ions with Q>2 guarantees

Materials Science Laboratory the absence of molecular peaks in the
Texas Instruments, Inc. spectra. Analysis of the molecular frag-

Dallas, TX. 75265 ments is possible but their kinematic
properties will now be different (in almost
all cases) from the elemental ion of

Accelerator Mass Spectrometry (AMS) interest.
has become the method of choice for
measurements of isotopic ratios in solid Table I lists the results of
samples at abundance sensitivities below several studies of stable element impurities
1 ppb. Originally proposed as a possible in materials using AMS. The terminal
alternative to conventional beta decay voltage used for these measurements was <3
counting for carbon dating of small samples MV in all cases. At present the detection
(1,2), AMS has evolved significantly in the limits are defined by impurities deposited
last decade, and now includes applications on the sample during the sputtering
in a variety of disciplines including process, and a redesign of some ion source
archeology, hydrology, oceanography, etc.(3) components is necessary to achieve ppt level
The method utilizes high energy particle detection.
acceleration techniques to remove comron
sources of interference and background In principle this technique is also
present in conventional mass spectrometers capable of depth profiling, similarly to
and involves several stages, including SIMS, by monitoring the detected count rate
ionization, acceleration, analysis and as a function of time as the sputtering beam
detection steps. erodes the sample. This capability has

been investigated at the University ofTo date the technique of AMS has Arizona facility by analyzing a 5 um thick
been applied almost exclusively to the study Ge doped Si layer on a Si substrate(6).
of radioisotopes, primarily due to an Fig. 2 shows the results of both SIMS (as
interest in using isotopic ratios as measured on a Cameca IMS-3f system) and AMSchronological markers in a variety of mesrdoaCmcaI-fsytmanASfieool. cal Th resu s of te wrksty he profiles of the mass 72 signal. The AV data
fields. The results of these works have show the expected Ge level (-2.8xI0 ) in
been quite impressive, with removal of all the layer, while the SIMS signi is
typical sources of mass spectrometric dominated by the presence of an si iinterference (molecular ions, multiply molecular interference. The sl ight signl
charged particles, scattered ions, etc.) as due to the Ge doping can be seen in the top
well.4g demonstrations of ratios as low as 5 um. The slow fall of the AMS Ge signal
5x10 - in some cases(4). The method in is due to interface smearing produced by
principle is applicable to the study of the static Cs beam (the Arizona system
stable elements as well as radioisotopes, does not have rastering capability for
but these applications have not been the incident Cs beam).
extensively explored yet. A method of
impurity detection in solid samples with An instrument devoted to AMS would
detection limits in the parts per trillion appear to be increasing ly competitive with
(ppt) range and no sources of spectral SIMS instrumentation for analysis of stable
interference would have immediate elements in electronic materials. Detection
application in a variety of fields, limits < 1 ppb have been demonstrated, and
including electronic materials. ppt level capability is possible through

careful attention to contamination sources.
A schematic for a typical AMS System efficiencies for AMS are comparable

system is shown in Fig. 1, which is a to SIMS in most cases, and will be substan-
diagram for the NSF Regional Facility for tially better than SIMS in the measurement
Radioisotope Dating at the Univ. of Arizona. of elements with significant mass interfer-
Most AMS instruments consist of 5 sections, ences. Depth profiles of shallow and deep
including 1) a method for producing negative structures are possible without the compli-
ions from the sample of interest, 2) a pre- cated high mass resolution apparatus
injection analysis (typically through required on SIMS systems.
momentum analysis by a magnet) to remove
unwanted beams generated during the initial
ionization process, 3) acceleration and REFERENCES
charge exchange during passage through
the tandem accelerator, 4) post-acceleration 1. R.A. Muller, Science 196, 489 (1977).
analysis of the resultant positive ions, and
5) detection of the surviving ions. 2. K.H. Purser et al, Rev. Phy. Appl. 12,
Optimization of each stage is important 1487 (1977).
for effective stable element analysis.

3. H.E. Gove et al, Ed., "Accelerator Mass
During the acceleration stage Spectrometry", Nucl. Instr. and Meth. in

injected negative ions are accelerated by Phy. Res., B29 (1987).
the high voltage at the center of the tandem
at which point they pass through either a 4. M. Suter et al, Nucl. Instr. and Meth.
thin C foil or a region of moderate gas in Phy. Res. B10/l1, 877 (1985).
pressure. Several electrons are stripped
from the negative ions through collisions in 5. G.E. Aardsma, Nucl. Instr. and Math. in
the stripper region and the resultant Phy. Res. A238, 170 (1985).
positive ions are accelerated away from the
high positive potential, gaining an energy 6. J.M. Anthony and D.J. Donahue, Nucl.
QeV after stripping, where Q is the Instr. and Meth. in Phy. Res. B29, 77
particle charge state, e is the electronic (1987).
charge, and V is the terminal voltage. This
step removes the most common sources of 7. R.J. Blattner et al, Secondary Ion Mass
interference in conventional mass spectrom- Spectrometry, Springer-Verlag, Berlin,

192 (1986).
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Table 1. A14S detection limits
(contamination limited)

El.ement Mlatrix concentration

As Si3x10 14 (6)
Ge Si 5x101
P Si lXl014
Te GaAs 2xl11
B Si 3x1013
B GaAs 3x10 13
Cr GaAs 2x1015
Au HqCdTe 3XIU12
Sb Si 2x10 14 (7)
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Secondary Neutral Mass Spectrometry: The
Application of Laser Post Ionization to ionizes to some extent all the constituents of the sputtered

Trace Surface Analysis in Semiconductor flux.
Materials *

This paper emphasizes resonant laser ionization since
M. J. Pellin, C. E. Young, W. F. Calaway, trace surface analysis requires the enhanced

J. W. Burnett, and D. M. Gruen discrimination and useful yield which this technique
provides. Indeed, the removal of isobaric overlaps at the

Argonne National Laboratory 500 ppt level has already demonstrated the inherent
Materials Science and Chemistry Divisions discrimination which resonance ionization spectroscopy

Argonne, IL 60439-4831 laser ionization SNMS provides. 3 ,5.7  Furthermore,
demonstrated sensitivity at the =100 ppt level with a noise
equivalent level of >30 ppt indicates the power of these

I. Introduction. Contamination control in all aspects of measurements. 8 This is not to imply that this method is the
semiconductor fabrication, beginning with the substrate optimal choice for all analysis. Each technique has a
materials themselves, continuing through various process- particular set of advantages and disadvantages meaning
ing steps, and extending to the study of thin-film that the technique of choice must be matched to the
depositions, is crucial to the successful fabrication of ultra- problem of interest. The SARISA technique is suited for
large scale integrated (ULSI) circuits. As device sizes analysis of this important class of analytical problems. The
shrink both laterally and in depth, increasing strain is high useful yield and discrimination of SARISA has allowed
being placed on analytical techniques. The ability to Fe analysis of Si substrates at the 500 ppt level in a single
analyze for trace impurities in small sample volumes (e.g., monolayer.3 The ability of SARISA to detect neutral atoms
single monolayers with 10p x IO lateral dimensions or significantly reduces the artifactual effects of oxygen, and
109 atoms total) is critically dependent upon two para- the use of resonance ionization eliminates problems with
meters - discrimination and useful yield. Discrimination isobaric overlaps.
allows the identification of part per billion (ppb) trace
impurities against the large bulk signal. Useful yield is Depth profile studies of the concentration of 5 6Fe in
defined here as a total instrument transmission number - several different Si samples are displayed in Figs. 1 and 2.
atoms detected per atom removed. High useful yields are Before describing the samples themselves, it is useful to
required in order that analyses can be accomplished at contrast the depth profiling method used in SARISA
trace levels of impurity atoms with minimal sample measurements as opposed to the inuthod normally used in
consumption. a SIMS experiment. Because SARISA measurement of the

concentration of trace constituents is made with removal of
Recently, significant research activity has been directed at only a small traction of a monolayer, it is necessary to
the technique of Secondary Neutral Mass Spectrometry combine the pulsed ion beam techniques of SARISA
(SNMS). 1 .2 This technique utilizes the secondary neutral measurement and a continuous but rastered ion beam for
sputtered fraction for analysis. SNMS under certain sample removal. Thus, the symbols displayed in Figs. 1
conditions can provide dramatic increases in both useful and 2 are individual concentration measurements made
yield and quantitative analysis. 1-5 These increases are with a lateral area of 0.0225 mm2 and with a removal of 0.1
the direct result of the proclivity of the sputtering process ML at most. Between measurements a rastered ion beam
to produce ground state neutral toms rather than ions. 6  (4 mm2 ) was used to profile into the substrate, thus
The detection of the major sputiering products allows for establishing the depth scale of the two graphs.
substantially higher useful yields.3 This paper will center
on the use of lasers to ionize and then detect the Figure 1 depicts the Fe concentration of an oxygen
sputtered neutral particles, implanted Si sample. The implant dose was 2 x 10 18

atoms/cm2 at 170 keV. The sample was subsequently
Laser ionization of the neutral fraction of sputtered annealed at 900°C for 10 hrs. The Fe profile in this sample
particles can be extremely efficient.3-5 Moreover, in laser is quite interesting. First and foremost, the concentration
postionization SNMS the matrix dependence of the of Fe in this sample is extremely high, peaking at 20 ppm.
ionization process is removed allowing calibration in many The shape of the impurity profile is also unusual. The dip
cases to be much easier. 3 Basically, laser ionization in the concentration at 7 x 10- 3 p is near the native
SNMS can be grouped into two rather artificial divisions - Si02/Si interface in this sample. Moreover, the Fe profile
resonant 3- 8 and nonresonant 9 

ionization. The terms, in the 10-2 to 100 p depth range closely follows the
resonant and nonresonant, refer to the atomic absorption expected O2* implant concentration.
spectroscopy of the sputtered atoms. When at least one of
the laser colors is carefully chosen to match an absorption
frequency of the atom of interest, the measurement is If the Fe in the sample arrived during the high dose
referred to as "resonant." In this situation, much lower implant, one can determine that the efficiency of Fe atom
laser intensities are required and efficient ionization can arrival per 0 atom is about 10-5. This is not an
be accomplished over relatively large laser volumes, unreasonable amount to arrive from apertures in the
Resonant laser ionization can be extremely discriminative implanter itself. Other processes might also be involved
with a single component of the sputtered flux alone being The Fe impurity profile immediately following Fe
ionized. Nonresonant ionization is generally accomplished introduction would be a high concentration located very
with an intense fixed-frequency laser. This process near to the sample surface since low energy Fe atoms
generally is less efficient and laser volumes need to be would not penetrate the sample surface. Subsequent
smaller in order to increase input intensities. With these annealing of the sample, however, may allow Fe atoms to
caveats, even nonresonant ionization can for many freely diffuse in the Si substrate. The depth p.ofi0
elements achieve saturation.

10 Nonresonant ionizatinn presented in Fig. I gives strong evidence that the Fe
generally does not substantially add to the discrimination tends to migrate to O-rich regions.
of the laser ionization SNMS mass spectrometer but rather



The mobility of Fe in Si is demonstrated in Fig. 2. This
sample was treated under identical conditions to one
shown in Fig. 1 except for an additional step. This step 102
was the growth of a 0.38 I. epitaxial Si layer. A shallow
depth profile of this epitaxial region clearly shows the
presence of a substantial Fe impurity content. This may be D pu, •o0L
the result of the relatively low solubility of Fe in Si. 101

V. Conclusions. The usefulness of laser ionization
sputtered neutral mass spectrometry has at present been E
clearly demonstrated in several laboratories. While a a. 10o qr
complex analysis tool, laser ionization SNMS provides at
once a high useful yield and highly discriminative analysis
technique which can provide unique analysis for many 4) Oxygen-implanted Si
systems. The laser ionization SNMS tool represents a 2-3 170 keV,
order of magnitude increase in sensitivity for samples of 110" 1 e
limited size such as monolayer films. In the near future, we 2.0x1 0 atoms/cm
expect laser ionization SNMS to take its place amcg i n
specialized tools available to the analyst.
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Quantitative Depth Profiling Analysis of Semiconductors and
Superconductors by Secondary Neutral Mass Spectrometry

(SNMS)

N. Kelly, V. Kaiser, and H. Peters

Leybold Inc.

1860 Hartog Drive
San Jose, CA 95131

In recent years, the need for a quantitative surface and
thin film analytical technique has prompted progress in the
field of Secondary Ne,,tral Mass Spe-rometry (SNMS). This
technique involves the sputtering of the surface by ion
bombardment, followed by post-ionizirtion of the ejected
ne'"rals. Since the sputtering and ionization processes are
decoupled, matrix effects which are known to hinder
quantiration in SIMS, are avoided. A high density plasma
is used for sputtering in one mode of operation, providing
a high sample current density. As a result, high sputtering
rates may be achieved, even at very low sputtering
potentials, thus minimizing problems such as ion-induced
mixing and "knock-on" effects.

SNMS is ideally suited to the quantitative compositional
analysis as a function of depth of Al Ga As material
systems. Relative ion yields are found t te independent
of the Al concentration, x. This technique is also very
useful for the analysis of thin film and bulk superconductor
materials. Recent results in these areas of application are
discussed.
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IMAGING SUBSURFACE INTERFACES is measured and while scanning the tip so asBY to produce simultaneous images of the top

RAL ISTIC-ELECTRON-EMISSION MICROSCOPY surface topography and subsurface electronic
structure. BEEM spectroscopy and imaging

techniques have been employed to extensively
characterize Au-Si and Au-GaAs Schottky

L. D. ell and W. J. Kaiser barrier heterostructures. BEEM images show
Jet Propulsio, Laboratory nanometer-scale features at interfaces buried

California Institute of Technology 100A below the surface. These resui., for
Pasadena, California 91109 the first time, directly reveal the homo-

geneity of the Au-Si SB interface, and the

Seniconductor interfaces are of central contrasting heterogeneity of the Au-GaAs SB

importance in solid state physics and device properties.

technology. However, the experimental * Research supported by ONR and SDIO/IST.
investigation of semiconductor interface

electronic structure is complicated by the
necessity to probe subsurface properties. 1. G. Sinnig, H. Rohrer, Ch. Gerber, and E.
Further, conventional interface di agnostic
methods measure only a spatial-average of Weibel, Phys. Rev. Lett. 49, 57 (1982);

interface properties. A new technique,
Ballistic-Electron-Emission Microscopy 2. W. J. Kaiser and L. D. Bell, Phys. Rev.
(BEEM), for spatially-resolved spectroscopic
investigation of subsurface interface Lett. 60, 1406 (1988).

properties has recently been developed. BEEM
enables, for the first time, nanometer-
resolution imaging of electronic structure at
subsurface interfaces. BEEM has been
demonstrated by direct investigat ion of (a)
important metal-semiconductor Schottky
barrier interfaces.

The BEEM method combines Scanning

unneling Microscopy (STM) [1] techniques
with unique ballistic electron spectrosopy
capabilities to enable probing of subsurface
properties. Elastic tunneling of electrons
between the STM tunnel tip and the structure
under study results in the injection of TIP BASE COLLECTOR
ballistic electrons into the structure. The
injected ballistic electrons propagate rlj "
through the structure and probe subsurface
properties. BEEM may probe subsurface
structure at depths greater than lO0 - 300A
since typical ballistic electron attenuation
lengths in metals and semiconductors are
greater than 100 A. Figure 1 shows energy
band diagrams for application of the BEEM
method to a metal-semiconductor Schottky
barrier heterostructure. In this three-
terminal configuration, electrodes are
attached to the STM tunnel tip, the metal
film (base), and to the semiconductor
collector. For base-tip bias, V, less than
the Schottky barrier height, Vb, there will
be no collector current, since the ballistic .
electron distribution has insufficient energy
to surmount the energy barrier. However, if
V exceeds 

5
h as shown ,n Figure Ic, a

fraction of the ballistic electrons may
propag re through the interface and into the
collector where the 2urrent is aetected. The
collected curren Jepends on the dttailed
base-col lector interface propert ie., includ-
ing the fundamental Schottky barrier height
and defect structure at the interI ae. - i lure 1 a 'I three-term Ina i liFtM t ' h,
Slectrf,si opi analysis of the cal letI t t0 or invest !qalt iTo n o a metal -sen, "nr '
current lire-rly yields information ori ca h ',hottky k in il . lhe tunnel t q
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Figure 2. SEEM spectroscopy results for Au-
Si and Au-GaAs heterojunctions. (a) SEEM
spectrum of collector current, Ic, versus
tunnel voltage, V, for a Au-Si SB structure.
The spectrum (dots) was measured at a
constant tunnel current, It , of 0.87 nA. The
calculated spectrum (solid line) corresponds
to a barrier height value, eVb, of 0.92 eV.
(b) SEEM Ic - V spectrum (triangles) for the
Au-GaAs SB heterojunction obtained at It =
1.0 nA, The calculated spectrum (solid line)
corresponds to an eVb value of 1.2 eV.
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SUB-PPM MONITORING OF TRANSITION METAL References
CONTAMINATION ON SILICON WAFER SURFACES BY

VPD-TXRF [I] P. Eichinger, H.J. Rath and H.Schwenke
Semiconductor Fabrication: Technology
and Metrology, ASTM STP 990, 1988

A. Huber, H.J. Rath, and P. Eichinger [2) A. Shimazaki, H. Hiratsuka,
GeMeTec Gesellschaft far Meotechnik und Y. Matsushita and S. Yoshii
Technologie mbH, Paul-Gerhardt-Allee 50, Extended Abstracts of 16th Conference
D-8000 Mdnchen 60,;crnanc on Solid State Devices and Materials,

Kobe, 1984, p. 281
Th. Bauer, L. Kotz, and R. Staudigl
Wacker-Chemitronic GmbH, Postfach 1240, [3) T. Shiraiwa, N. Fujino, S. Sumita and
D-8263 Burghausen, .:ru-V Y. Tanizoe

Semiconductor Fabrication: Technology
and Metrology, ASTM STP 990, 1988

Total reflection X-ray fluorescence analysis
(TXRF) has recently been demonstrated to be
a valuable tool for monitoring surface con-
tamination on silicon wafers []. Using a
molybdenum tube as X-ray source, the sensi-
tivity of this non-destructive multielement
analysis technique is in the order of i0o

-

10l atoms per cm
2 

for the technologically table 1 : results of VPD-TXRF measurement
important transition metals, corresponding of contaminations on a 100 mm
to 10-100 ppma of a monoatomic layer on a silicon wafer
silicon surface. Still better sensitivities
(0.1-10 ppma) have been reported for atomic
absorption spectrometry (AAS) combined with estimated
a chemical preconcentration technique known element concentration detection limit
as vapor phase decomposition (VPD,[2]). With [10 at/cmi

2  
[10' at/cm]this technique the wafer surface is exposed

to HF vapor which dissolves the surface Ca 191 5.0
oxide (native or thermal). The resulting li- Cr 21 1.8
quid condensate is either collected in the Fe 80 1.1
reaction vessel with a vertical multiwafer Ni 10 0.7
configuration, or concentrated into a drop- Cu 6 0.6
let in the center of the wafer with a hori- Zn 69 0.5
zontal single-wafer configuration [3) due to Ba 50 10.0
the hydrophobic surface character and the Pb 3 0.7
kinetics of the reaction, which starts from
the wafer edge. The latter preparation tech-
nique is ideally suited for TXRF if the VPD
droplet is allowed to dry on the wafer sur-
face and is analyzed in situ. This elimina-
tes chemical treatment and handling of the
VPD liquid as is necessary for AAS. The sen-

sitivity enhancement of VPD-TXRF as compared
to pure instrumental TXRF can be estimated
from the ratio of the total wafer area to
the analysis area of instrumental TXF (0.5
cm

z
) ANODE

Figure 1 shows the schematic airangement for DE-._"'lOECTOj
TXRF with the VPD residue in th. analyzed - VhI
area. Figure 2 and 3 demonstrate the drama- PLANE OF __
tic increase in sensitivity as a result of-- ------. a
VPD concentration. Wafers with impurifies REFERENCE , .
below the detection limit of instbumental
TXF show a distinct contamination pattern
when subjected to VPD. Actually measured figur,: : fh.- 'i ',atan.'. :! T/FF
transitien metal concentrations aie given in
table 1 together with detection limits esti-
mated- for 'PD-TXPF under the assumption that
all impurities ar collected in the iesiduo.

Suea: lZing VP-TXRF is able to let---r
ansI[, 7 e taI contaminat ions with a su

ir _ -'sit ivlty and is. ther f, I - , ,-r-s; d,
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AN EVALUATION OF ULTRA-SURFACE (<3NM), vendors, and another three silicon samples were taken
TRACE (ElI/CM ) IMPURITY ANALYIS OF SILICON from three different cleaning processes.

USING A NEW X-RAY TECHNIQUE

The TXRF analyses were performed on an XSA-8000 at
R. S. Hockettt

, 
S. M. Baumann*, and E. Schemmel' ATOMIKA using a Mo X-ray anode, an 8 - diameter

apertur, and either a 40 or 80 micron thick metal X-
Charles Evans & Associates, 301 Chesapeake Drive, ray filter between the source and sample. The TXRF

Redwood City, California 94063; 
5
ATOMIKA Technische results were correlated against the following other

Physik GmbH, Postfach 450135, D-8000 Munchen 45, FRG measurement techniques: Rutherford backscattering

spectrometry (RBS), Auger electron spectrometry (AES),
and quadrupole-based secondary ion mass spectrometry

INTRODUCTION (SIMS).

Unwanted impurities can be a problem for semiconductor RESULTS AND DISCUSSION
devices when the impurities are eventually located in
the electrically active region after device The comparison between the XSA-8000 and EBS analyses
processing. Problems include leakage, lifetime on intentionally contaminated samples shows good
reduction, premature gate oxide breakdown, and agreement considering the inhomogeneity in the surface
inversion layers. Elimination of these impurities contamination as indicated by the RBS analyses in
often requires both the identification of the origin different areas of the samples. The sample
of the impurities and also their measurement, preparation is assumed to be the cause of differences.

The choice of quantitative measurement technique for The TXRF results for the three cleaning samples and
these impurities is influenced by their location with the three vendor samples are shown in Table 1.
respect to the substrate or device. For the purposes Measurements on the cleaning samples used an 80 micron
of this discussion we limit ourselves to the ultra- filter, while those on the silicon vendor samples used
surface region (1-3 em) of the substrate, where a 40 micron filter. The data indicate there are heavy
unwanted impurities may be found from a variety of metals, particularly Fe, Cu and Zn, on these cleaning
sources, samples at Ell to E13/cm

z 
levels, and on vendor wafers

at Eli to E12/cm
2 

levels. These data are consistent
The guantltatlve measurement techniques for trace with prior reports using other analytical techniques.
(<0.1% atomic of a monolayer, or < E13 atoms/cm

2 
for There also appears to be differences among the silicon

silicon) impurities in the silicon substrate ultra- vendor samples.
,irface region can be divided into two categories.
(A) IMPURITY REMOVAL AND ANALYSIS, or those techniques SUMMARY
which attempt to remove the impurities from the
substrate ultra-surface region, e.g. in an etched In summary an evaluation of total internal X-ray
solution, and then analyze the solution for the fluorescence analysis (TXRF) using the ATOMIKA XSA-
impurities. Examples include neutron activation 8000 has shown the technique promises to be an
analysis, atomic absorption analysis, and flameless invaluable tool in the quantitative surface analysis
atomic absorption analysis of etchant-removed silicon of silicon wafers. The technique's primary attributes
or silicon dioxide. These techniques must assume all over other approaches are: (i) it's simplicity of
the surface impurities of interest are removed by and operation, (2) it's survey capability of the heav;
remain in the etchant. (B) ANALYSIS ON SUBSTRATE, or metals, and (3) it's detection limits at the ElI/cm
those techniques which make the measurement with the level. The measurement should be useful to those
impurities remaining in the ultra-surface region of developing or controlling: (a) wafer cleaning
the substrate. Examples include polyencapsulation/- processes, (b) impurity levels in cleaning chemicals,
SIMS and total reflection X-ray fluorescence analysis (c) dry etching processes, (d) ion implantation
(TXRF). contamination, and (e) semiconductor-related gases and

ambients.
An evaluation of TXRF was undertaken for this study
using the ATOMIKA XSA-8000 instrument. In this method REFERENCE
(I], which was originally designed for liquids
analysis, an X-ray beam from a conventional X-ray 1. "Application of Total Reflection X-Ray
tube, typically a molyboenum anode, strikes the Fluorescence Analysis for Metallic Trace
substrate surface at glancing incidence so that (i) Impurities on Silicon Wafer Surfaces," P,
the condition for total reflection of the X-rays is Eichinger, H. J. Rath, and H. Schwenke,
met and (if) the analysis depth is limited to about Semiconductor Fabrication: Technology and
the top 3 em of the surface. The fluorescence Metroloev. ASTM STP 990, Dinesh C. Gupta. editor.
radiation from the surface is collected by a Si(Li) X- American Society for Testing and Materials. 1988
ray detector and quantitatlon is completed using
substrate surfaces intentionally contaminated with a
known number of atoms in the analysis area to provide
reference samples. Detection limits on silicon are TABLE I. XSA-800 RESULTS ON CLEANING
reported to be EI0/cm' to Ell/cm

2 
for the transition AND VENDOR WAFERS

metals, and the improved detection limits over (Cleaning samples measured once.
conventional thin film X-ray fluorescence (XRF) matly Vendor samples measured
stem from the major reduction in the background signal four times and averaged units of EI/2CM

2
)

of the aubstrate.

Ci Cr E Cii Zn Fifl W
EXPERIMENTAL Clean 1 2 9 199 16 8

Clean 2 2 6 0 8 0 4 2 5
Four silicon samples were separately contaminated with Clean 3 0,9 0 2 0 9
NI. Cu, Au and Pb using Inductively Coupled Plasma Vh'1,,r 1 I 5 or) 1 o ', 1 6 -.0 2 0 1 C 2
Analysis stmndard solutions with 100 ppmw of the metal erd"t 2 < 4 0 2 0 3 0 6 06 0 2 0
contaminant in solution Three other silicn samples vidor t 1 4 0 4. 0 1 0 6 0 6 0 1 0
were comercial wafers from three different sillror
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X-RAY TOPOGRAPHY AND PRECISION DIFFRACTOMETRY

OF SEMICONDUCTING MATERIALS

B K Tanner

Department of Physics, University of Durham,
South Road, Durham, DHI 3LE, U.K.

The application of double axis X-ray Projection topography, unlike section
diffractometry and topography to the non- topography, gives a full survey of the defects
destructive characterization of semiconducting in the wafer and detection of slip is a
materials is reviewed. Double axis X-ray particularly important screening technique.
diffractometry has now become widespread for Again, for routine surveying, fast film and a
assessment of epitaxial layer structures, rotating anode permits 6 inch wafers to be
particularly of electro-optic materials. The examined non-destructively in a tine
double crystal rocking curve provides directly comparable to that required for defect-
the following data; specific etching.
(1] lattice mismatch and hence composition,
[2] layer thickness, Double crystal topography can be performed on
[3] layer and substrate perfection, a double axis diffractometer with minor
[4] wafer curvature, modification to collimator geometry. The
[5] mismatch and layer thickness variation technique is particularl; useful for strain
across the wafer. contour mapping and detection of long range

strains. It has higher defect contrast in the
Attention is paid to the sensitivity and Bragg (surface reflection) geometry than
reliability of the data, particularly in the single crystal methods and the strain
standard experimental geometry suitable for sen~ltivty can be tuned by suitable choice of
all commercial diffractometers. The rec'nt rc~erence crystal.
observation of interference fringes from ABA
sequence structures such as used for lasers is
discussed and the use of the period for direct
thickness determination highlighted.

Matching of simulated and experimental rocking
curves provides a powerful method for non-
destructive determination of the layer
composition as a function of depth. The
application is discussed for graded layers and
for mult:caantum well structures. In the case
of very Lin layers, use of grazing incidence
geometry permits the study of layers only a
f-w tens of nanometres thick and determination
of layec thickness and interface roughness to
Angstrom precision.

Triple axis techniques enable diffuse
scattering to be examined, as well as
providing enhanced signal to noise. These
instruments can also be used to measure the
specular reflectivity. Analysis of the
interference fringes observed from thin layer
structures permits the determination of
electron density, layer thickness and
interface roughness at the Angstrom level for
single crystal, polycrystalline and amorphous
films.

X-ray topography provides information on the
spatial distribution of the diffracted X-ray
beam. It is the X-ray analogue of transmission
electron microscopy. Although it is a mature
technique, unlike double crystal rocking curve
analysis, it has seen little industrial
application and has not yet developed to a
stage where it is appropriate for an on-line
quality control technique. It is pointed out
that little attempt has been made to match
detector resolution and speed to the
information required. As an example, it is
shown that X-ray section topography is a
powerful method for assessing the extent of
the denuded zone in silicon formed by
intrinsic oxygen gettering. For a quality
control application, micron resolution is
unnecessary and use of fast X-ray or dental
film quite appropriate.
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CHARACTERIZATION OF SEMICONDUCTOR MATERIALS AND identification of known phases or in the symmetry and structure
STRUCTURES BY TRANSMISSION ELECTRON MICROSCOPY determination of new ones which may be important in device

R.J. Graham characterization. Other recent applications are also considered including
Center for Solid State Science, Arizona State University. the determination of compositional variations in Ill-V and I-VI alloys, the

Tempe. AZ 85287-1704 identification of antiphase boundaries in GaAs on Si and the measurement

of local strain in strained-layer superlaltices.
Transmission electron microscopy (TEM) is now a well established
diagnostic technique in the field of semiconductor materials and devices. X-ray Microanalysis (EDX)
The appeal and success of this technique is due to its ability in providing Elemental composition in the TEM may be determined by X-ray
images and information on the microstructure of a wide range of materials microanalysis. The analysis of particles found in semiconductor materials
and fabricated structures with submicron or atomic resolution. The goal such as precioitates or phases in an alloyed metal-semiconductor contact
of TEM applied in this way is to characterize materials subject to various provides useful elemental information complementary to structural
processing procedures to understand how the microstructure will affect information available through HREM or diffraction. Other applications
device behaviour and to provide feedback to the fabrication or growth relate to the assessment of compositional variations in single crystal
process. TEM is particularly useful when coupled with other analytical or material. The limitations of this are examined using the determination of
diagnostic techniques, for example. other spectroscopies or electrical compositional variations in GaAIAs/GaAs SL and InGaAs/lnP MQW
methods, which may afford greater sensitivity without the spatial resolution structures as examples. The determination of dopant or impuriv
or provide different information all together This is also applicable to the distributions at a submicron level by the ALCHEMI technique (Aton
various techniques encompassed within TEM itself since usually several Location by Channelling Enhanced Microanalysis) is discussed.
techniques are employed for a complete characterization. It is the purpose

of this paper to review and demonstrate. with examples, how this can be Electron Energy Loss Spectroscopy (EELS)
achieved, the limitations of such investigations and the range of materials In addition to providing a means of elemental analysis as does EDX.

and problems to which TEM is being applied. EELS affords the ability to detect lo. Z clements and superior spatial

resolution. Chemical shifts and fine structure in the ioniztion edges and
TEM can basically be divided into two types, high resolution electron the form of the low loss region in the EELS spectrum can additionall1
microscopy (HREM) and analytical electron microscopy (AEM), With provide analysis on the chemistry. structure and electronic nature of the
HREM we are usually interested in imaging materials at the highest material. Examples of this are considered including the analysis of
possible resolution so that at selected orientations of the specimen. lattice interfacial oxides and the probing of the electronic structure of a misfit
images are produced. AEM is concerned with imaging and characterizing dislocation at the GaAs/GalnAs interface. A nra application involiing the
materials with usually lower spatial resolution than HREM and the coincidence betweea EELS and cathodoluminscence tCLt events to map
techniques which will be described here include convergent beam electron carrier lifetime at high spatial resolution will be desciribed
diffraction, X-ray microanalysis, electron energy loss spectroscopy and

cathodvluminescence. Caahodolnalnescence (CL)

Although the characterization of semiconductor iiaterials hi Cl. is usually
High Resolution Electron Microscopy (HREM) performed in the scanning electron microscope (SEMI). this technique in
One of the most useful applications of HREM has been in the imaging of finding application in the TEM It is the most sensiti'' unalytical
semiconductor interfaces since the structure or qualily of these has been technique, for suitable materials. available on the TEM capable of
identified as being imporlan in device viability and funclion The detecting the presence of impurisies in the parts per million level Ine
examples considered here include those found in superlanice (SI.) or technique offers the _dvantage and chance to investigate the relationship
multiple quantum well (MQW) structures and nielhods for imaging and between electronic and asonic structure of defects since it is possible to
assessing the interfacial quality. llteropilaial layers of I-VI simultaneously inage the specimen and characterize defects at the
semiconductors grown on IIIV substrates and other heteroepitaxial submicron lesel while acquiring Cl. data Applications to maieils of
systems such as GaAs on Si. metal/semiconductor contacts and optoelectronic importance are considered incli g the effects ot
amorphous-on-crystalline systems such as Si0 2 on Si are also cons;dered. dislocations on the luminescence of ZnSe oil GaAi lnP. Si and GaAs on
Cases where the interfacial structure has been correlated with other Si. The technique may also be used to assess changes in materials as a
techniques, for example electrical and photoluminescence. will also be result of processing With tire developmen of nev materials for use in
described infrared imaging technology and the desire to investigate deep lerels in.

for example. Ill-V materials, the spectral range in (. drlecti o %ill harr
Analytical Electron Microscopy (AEM) to be extended to several microns This van be uvhired hr use It .
In many cases one or more AEM techniques %ill be required to Fourier Transformi spevironieter which has been recentli ,uccesll
complement or confirm HREM analysis used. as well as a conventional drspersrre grating v.pe, to delrv itrared

CL from GalnAs in the I'EMI

Convergent Beam Elertron Diffraction (C(RED

13u using a convergent beam of electrons. diffraction fror small .olumes
of specimen may be used to analve small partirle or regrons in

semiconductor strur ures t'B.Il) patterns n,,, be used in she



Abstract No. 426

DEFECT CHARACTERIZATION IN SEMICONDUCTORS ZnO is a popular material for making
BY POSITRON ANNIHILATION SPECTROSCOPY lightening arresters and varistors. However,

its performance and stability depend on
A. Rohatgi, J.P. Schaffer, and A.B. DeWald bulk and grain boundary defects. In a recent

Georgia Institute of Technology study (1) PAS and several other techniques
Atlanta, Georgia 30332 were used to characterize the changes in the

defect structure in a ZnO varistor as a
The potential of positron annihilation result of annealing. DLTS was used to

spectroscopy (PAS) for defect characteriza- delineate the electrically active traps (Nt)
tion in semiconductors Is demonstrated using while C-V measurements were performed to
examples from both the literature and our own obtain the doping density (Nd) at the edge of
current work. The materials discussed the depletion region. The doping density
include Si, GaAs, ZnO, SIO 2 /Si interfaces and within the grains was determined by FTIR.
AlGaAs/GaAs heterostructures. The types of These results were correlated with those of a
defects studied include: I) vacancy previous study of device stability (2).
complexes, ionized dopants, and antisite
defects, ii) irradiation damage and As shown in Figure 2, PAS indicates a
subsequent recovery via defect annealing, minimum at 800*C which coincides with the
ill) the Inflaence of cooling rates on minimum in N A minimum in N was observed
spatial non-uniformities in defects over the at 600*C which coincides with the optimum
whole wafer, and iv) characterization of annealing conditions for most stable devices.
buried interfaces. In several instances, the This suggests that the E -0.26 eV trap is
results of the PAS investigations are related to instability in ZnO varistors and
correlated with data from other established that PAS probably measures a total defect
semiconductor characterization techniques. concentration of (Nd + Nt + other defects)

which in this case is roughly equal to Ng
For exam.,ie, PAS was used to investigate since the doping density is fairly high

the influence of oxygen on the minority (_1017 cm-
3
). If so, the local minimum in S

carrier lifetime in Si. Magnetic Czochralski or Nd around 600-800GC could be attributed to
(MCZ) growth was used to vary the oxygen the competition between: I) the diffusisn and
concentration in the range of 1-5 ppm. subsequent loss of Zn i to grain boundaries
Figure 1 shows the correlation between the and ii) the thermal generation of Zni
Doppler S-parameter and the interstitial (Frenkel defects). PAS also indicated that
oxygen concentration measured by FTIR. For the post-anneal cooling rate is important in
all three sets of samples the Doppler PAS S- tailoring the defect state in ZnO varistors.
parameter increases as the oxygen inter-
stitial concentration increases. Figure 1 References
also shows the inverse relationship between
the PAS S-parameter and the minority carrier (1) M.S. Ramanachalam, J.P. Schaffer, A.
lifetime in MCZ silicon, measured by hoto- Rohatgi, T.K. Gupta, and W.D. Straub, in
conductive decay (PCD), as a function of preparation.
oxygen concentration. In these MCZ samples,
an increase in the S value is accompanied by (2) T.K. Gupta and W.G. Carlson. J. Appl.
a deqrease in the carrier lifetime. Phys. 53, 7401, 1982.
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The CL image shown in f19ure (2) was produced

Cathodoluminescence Characterization with a beam voltage of 25kV, and a beam current

of Semiconductor Materials of one nanoampere. This is possible because of

the low temperature of the sample: the photo.

RJ.Poedel, S.Myhajlenko, J.L.Edwards, generation rate is now enormous cwmpared to that

and K.Rowley at room temperature. In addition, there was no

noticeable beam damage produced during this

Center for Solid ucate Electronics examination. With identical beam conditions at

Arizona State University room temperature, there was no CL image

Tempe, AZ, 852a7-6206 oYatsoever.

The CL contrast shown in figure (2) has two

Cathodoluminescence (CL) techniques are sources. The rectangular dark patches obviously

extensively used for the characterization of correspond to the etch figures, but the darkness

direct bandgap semiconductors, such as GaAs, does not indicate 'hat locally the emission

IrP, id CdTe. CL is normally carried out in a efficiency is lower) this is predominantly a

scanning electron microscope (SEM), and the geometrical shadowing effect. On the other

incident .,lectron beam can create a vast number hand, the networlk of small dark spots, quite

of electron hole pairs near the surface of the prevaient on the substrate side, but still

semiconductor sample under test. In direct noticeable or the epitacial side, are most

tandgap semiconductors a significant portion of certan!y due to some radiation killing defect

the electron hole pairs may recombine in the material. Whether these defects are a

radiatively. The resulting luminescence network of dislocations or some type of point

emerging from the top of the sample may be defect has not yet been determined.

detected, converted to an electrical signal, and This is just one example of tue efficacy of

displayed on the SEM's CRT in sychronization the cryogenic CL technique. In the remainder of

with the rastered electron beam. This CL image, the paper, additional cases will be presented.

or luminescence map, of the sample often shows It will be shown that (a) spectrally and

significant contrast; the contrast in turn is spatially resolved cryogeric CL can be used to

generally due to spatially varyin
9  

radiative determine both the types of defects present and

recombination efficiency in the sample. The their location in the material as eell. (b)

radiative efficiency may depend upon the dopant .omparison of CL with trarsmissi,

and the doping concentration, the presence of cathodolumnesce-ce and electron beam induced

internal electric fields, and material defects, currnt sg1nals can be used to differentiate

such as dislocations, stacking faults, or opticall;, and electrically active defects, and

inclusions. Hence, CL has often been employed (I) defects in infa, ed materials, such as

as an imaging technique to find, respectively, (In,Ga'As and (Hq,Cd)Te can also be imaged with

doping striations, the location of pn junctions, cryogenic CL 1-th the use of appropriate

or the number of electrically active d-ctorn and custom amplifiers.

dislocations.

Conventional CL characterization is carried

out at room temperature and in a panchromatic

mode (that is, all wavelengths collected). This

embodiment of the technique is routine and

typically quite easy to employ. However, the

evtension of the CL technique beyond this

approach can be rather advantageous. In fact

current trends in CL characterization include

progress in for areas: cryogenic CL, spectrall/

resolved CL, admixture of CL with other e-bean

produced signals, and extension to infrared

materials. For example, there are several

advantages in pursu:ng CL at cryogenic (near

liquid helium) temperature. There are large

increases in photon emission rates, there is

significantly reduced beam damage to the sanple,

and optical spectra are sharper and more

significant than room temperature results. This

in demonstrated in part in figures II and 121. Fig.(Ill SE image of CdTe sample at 159

I' these figures, both secondary 
electron (SE)

and panchromatic CL images from. a CdTe, sampl
held at I5 1 are displayed. The sample "

corsisted of a CdTe substrate upon which a five t" b
mcror, thick CdTe epitavial layer was 9rown by

lquId phase eptax y. A portion of the
epina lal layer was chemically removed, so that

the left sde of each figure shows the epitanial
la"er, the 'ight hide the substrae The entire

sample was etched in a defect revealing etchant

that produced the prominent rectangular etch

f1iures. CdTe is a semiconductor that Isparticular'y difficult to image with CL because

of its inherent relatively low emissionI f*,ci ... ( ... paredt to. Ga, fo eape)

Consequentl,, one must generally use high beam
currents to produce adequate excitation, but

this often leads to enormous surface damage, Fi9.(2) CL image .4 same cdTe cantl. at 15

includtn, sorface dissociation or even melting.
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SUBSURFACE DEFECT STRUCTURES IN ION IMPLANTED, ANNEALED Si

WAFERS IMAGED BY NONDESTRUCTIVE MODULATED REFLECTANCE IMAGING

W. Lee Smith and D. Willenborg

Therma-Wave, Inc., 47734 Westinghouse Dr.

Fremont CA 94539

G. A. Rozgonyl

Materials Engineering Department

North Caroline State University, Raleigh NC 27695

T. Miranda*

Fairchild Camera and Instrument Corporation

Gate Array Div., 1801 McCarthy Blvd., Milpitas CA 95035

L. Larsen

National Semiconductor, 2900 Semiconductor Dr.

Santa Clara CA 95051

A new method of imaging physical/crys- In the research reported here, a study

tallographic defects in silicon is presently was made of thermal wave images and magni-
emerging. This laser-based method L1) uses tudes on Si wafers that were ion implanted

thermal wave modulated reflectance to gener- with B-, P- and As- and annealed in ambient

ate defect images in a noncontact and nonde- or oxidizing conditions. The implant do.e
structive manner with image acquisition range wee IE12 to IE16 ions/cm2. The objec-

time of typically I minute for a 100 um x tives were to measure the changes in the
100 um image. The spatial resolution is total amount of implant damage and in the

I micron; however, defects much smaller degree of development of discrete defects
than that size are detectable. An unusual during the transition from as-implanted to

aspect of this technique is that each image "fully annealed" state. The parameters
shows a projection of all defects contained measured are (a) the magnitude of the TW
within the sampled volume, which typically signal after implant and after each of four

extends from the surface to a depth of 3 to 30-mmn. anneals, and (b) the TW images of
5 microns in Si. The method operates in the residual defects remaining in the

room ambient conditions (no vacuum), "fully annealed" wafers.

requires no special sample preparation, As examples, we show in Fig. I selected

and is able to image through transparent TW images of "fully annealed" samples:
overlayers such as silicon dioxide. As (a) 3E14 ions/cm2 P. dose, oxidizing anneal,

such, it is able to operate on in-process (b) 3E14 B- dose, N2 anneal,

product IC wafers for detection of (c) IE16 B- dose, N2 anneal,

process-induced defects (2]. (d) IEI6 B" dose, oxidizing anneal,
The first images generated with this (e) 3E14 As-, N2 anneal,

automated method were those of stacking (f) lE16 As-, N2 anneal.

faults and dislocations Jduced in silicon We will discuss the various features
wafers by a damaging gettering technique in these and other TW images and, by

followed by oxidation [I]. The comparison comparing them with TEM and decoration-

of the post-oxidation thermal wave (TW) etched micrographs, examine this new,
images with standard optical microscope rapid, noncontact defect imaging .ethod.

image made after oxide stripping and
Wright etch showed a spatially definitive *presently with Seeq Technology, Inc., San Jose CA.
correspondence between the two methods.

An example is included here as Fig. 1.
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(a) (b)

Fig. I. (a) Modulated reflectance image of a stacking fault on a

patterned Si wafer. The two bright dots which taper

toward one another are the ends of the bounding
dislocation. The actual distance between the two
dots ia approximately 40 microns. This image is
measured through a 802 film (348 Angstroms) (i].

(b) Conventional optical photomicrograph (at slightl,
higher magnification) of the same region as in (a)
after oxide strip and Wright decoration etch (2).
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MULTIPLE INTERNAL REFLECTION SPECTROSCOPY:
APPLICATIONS TO ELECTRONIC MATERIALS Go MIR cel

J.E. Olsen, G.A. Rozgonyi and F. Shimura

Department of Materials Science and Engineering
North Carolina State University

Raleigh, NC 27695-7916 U,
FZ Si

In recent years, transmission infrared spectroscopy has
become a popular tool for studies of defects in bulk silicon (1-3).
The surface regions that contain the circuits, however, are likely
to have different defects and impurities than the bulk. In c CZ Si
principle, conventional external reflectivity could be used to study ,
these surfaces. But for reasonably accurate results, substantial o:
absorptivity is required (ce>1000 cm-1). Defects in electronic
grade silicon have absorptivities many orders of magnitude lower 0
than this, making some sort of spectral amplification necessary. Z
Electronic amplification increases the noise in the spectrum. <
Multiple internal reflection, on the other hand, easily provides a 0
sensitivity of less than I cmt

l 
without adding noise. o SL-

To briefly summarize the principle(4-6): light passing Cr
through the interface of two transparent materials is refracted
according to Snell's Law (nlsin Ot=n2sin 02). For light passing
from the higher refractive index material to the lower index
material, there is a critical incident angle such that the refracted 220A SiO2
angle is equal to 90'. At this angle, there is no loss in reflection, on Si
But if there is an imaginary component of the refractive index
(absorption) in the lower index material, the total reflection is
attenuated proportional to the magnitude of this imaginary
component. An attenuated internal reflection spectrum may thus
resemble an absorption spectrum except that it samples a very 1 300 1200 1100 1000
shallow region of the surfce (about 5 microns, but it varies with
wavelength). WAVENUMBER (CM-1)

The relative effective thickness de expresses the
sensitivity of an internal reflectance spectrum relative to a
transmission spectrum. The relative thickness is calculated from The 20A native oxide and 220A thermal oxide yield very
the penetration depth of the evanescent wave, the electric field different spectra. The most obvious conclusion is that the oxide
strength at the interface, the sampling area, and the strength of structures are also very different, the native oxide being much
coupling. Harrick and du Pre have developed equations for denser than the thermal oxide as a result of incomplete oxidation
estimating the effective thicknesses of bulk materials and thin or stress from volume expansion. The bonds in a denser film
films (6). would likely be more rigid and have higher vibrational

frequencies (7-9). Because of "anomalous" dispersion, internal
For bulk ma.rials: reflection spectra of oxides present difficulties in interpretation

(as do transmission spectra of oxides). Interpretation of thesede_ n21 coso spectra require further experimentation and a more exact solution
of the thin film internal reflection equations than those given by

t 
2  

. nL2
2  Harrick and du Pre (6).n(1-n t)(sin 0 -n21)2

ACKNOWLEDGEMENTS

The authors would like to thank R.A. Craven and P.A.
(2S 2 Tiemey from Monsanto Electronic Materials Company for their(2sin 2t n21 r encouragement and support.deoil- 2 2 2 e±.

(1-n21)sin o - n2 1  REFERENCES

1. F. Shimura, H. Tsuya, and T. Kawamura, AppI. Phys. Less.

The experimental setup is simple, comprised of a 60' 37, 483 (1980).
germanium MIR plate (52x20x2mm.) in a Foxboro Model 9 MIR 2. P. Gaworzewski, E. Hild. F.G. Kirscht. and L. Vecsemyes,
attachment. The effective thickness in silicon is about 130 Phys. Stat. Sol. A85, 133 (1984).
microns. A Perkin-Elmer 1420 Infrared Spectrophotometer was 3. F. Shimura, J.P. Baiardo, and P. Fraundorf, Appl. Phys.
used to obtain the spectra. The samples were clamped to both Lett. 46, 941 (1985).
sides of the MIR plate. In this abstract, we show internal 4. J. Fahrenfort and W.M. Visser, Spectrochimica Acta. I.
reflection spectra taken from float zone (FZj silicon, Czochralski 1103 (1962).
(CZ) silicon, a 20A native oxide, and a 220A thermal oxide. The 5. N.J. Harrick, Internal Reflection Spectroscopy, (Wiley, New
CZ silicon clearly shows the 1106 cm

-
i peak of dissolved York. 1967).

interstitial oxygen. The peak height corresponds reasonably well 6. N.J. Harrick and F.K. du Pre, Appl. Opt. 5. 1739 (1966).
to that predicted from the calculated effective thickness and 7. E.R. Lippincott, A. Van Vakenburg, C.A. Weir. and E.N.
transmission measurements on the same wafer. As expected, the Bunting, J. Res. Natl. Bur. Stand. 61, 61 (1958).
F7. slicon shows no oxygen peak. 7.R. iemley, IlK. Mao, P.M. Bell, and B.0 Mvsen Phys.Rev. Lett. 57, 747 (1986)

8. M. Nakamura, R. Kanzawa, and K Sakai. I Plectrochcm
Soc. 133, 1167 (1986).
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MINORITY CARRIER LIFETIME The second application we will discuss is the
OF HETEROSTRUCTURES, exploration for surface chemical treatments

3 which produce a
SURFACES, INTERFACES AND BULK WAFERS surface recombination velocity (SRV) which begins to

compete with the excellent AIGaAs/GaAs interface. The
minority carrier lifetime bridge is a superb exploratory tool

E. Yablonovitch and T. J. Gmitter since different chemical preparations can be tried one after

Bell Communications Research the other with no special device fabrication in between. A
Naveink Research Center cut and try" approach makes sense if we can try many
Red Bank, NJ. 07701-7020 different chemical reagents in a brief time. Then we can

quickly converge on a good chemical process by trying many
different variations on any approach that seems to work well.
The best chemical treatments so far: For

3 
GaAs, a

We have developed a contactless laser-pumped polycrystalline film of Na 2S9H20; For
4 lnos 3Ga0 47As, a

minority carrier lifetime probe which is of general utility in polycrystalline film of NaOH; Fori Silicon, treatment in HF
semiconductor electronics, acid. The chemical treatments for GaAs have increased the

This inductively coupled radio frequency apparatus, gain6 of heterojunction bipolar transistors sixty-fold.
which is illustrated in Figure (1), monitors the absolute sheet
conductivity of the semiconductor as a function of time. A A by-product of the capability to create a nearly
brief flash of pulsed incoherent light, in this case from a Q- ideal semiconductor surface chemically, is that it allows us to
switched doubled Nd-Yag laser scattering off a white surface, eliminate the surface as a problem in order focus in on bulk

injects electrons and holes into an epilayer or into the bulk quality. In this case we have looked at the bulk minority
substrate wafer itself. The recombination of electrons with carrier lifetime of substrate wafers whose surfaces had been
holes is monitored by the decay of the conductivity associated chemically treated to effectively eliminate surface
uii the optically injected carriers In a numerical algorithm, recombination. The conclusion is that Ill-V wafer material
conductivity is divided by the carrier density dependent never seems to have a lifetime longer than 10 or 20 usec,
mobility to convert it to a density decay curve. If the epilayer while epitaxiai material grown on those wafers can be as
thickness L is sufficiently small, the decay of excess carrier much a- 100 times better. Similarly we surveyed bulk Silicon
density n is simply the sum of a bulk and a surface term

t
: wafers and found that commercial float-zone Silicon is

sometimes as good as 40 msec but that Czochralski materia
dn/dt = [x- + 2S/L] n is generally 1000 times worse.

where m is the bulk recombination lifetime, S is the surface I should emphasize that these measurements are

recombination velocity, and the factor 2 accounts for the front taken on essentially unprocessed wafer material. The results
and back surfaces. The reciprocal of the quantity in brackets could be worse as a result of thermal processing. This
was called by Shockley

t 
the "filament lifetime" , which in suggests the use of the lifetime bridge as a process monitor.

general may depend on n. Irrespective of the absorption Since it requires no special wafer processing itself it is

depth of the light source, the injected carrier density n will excellent for before/after tests. We have used it to make
become sp aiaiy uniform and eq (1) will be valid provided seemingly minor, but critical adjustments in Silicon oxidation
that L <<V Dr where D is the ambipolar diffusion constant conditions to sustain minority carrier lifetime in oxidized
and VDT is the diffusion length. If the front and back
surfaces of the epilayer are inequivalent then (Sf + Sb) should float-zone material. Likewise, we have used it to perfect the

be substituted for 2S. process conditions for minimizinthe forward leakage currentof SIPOS heterojunction contacts' on Silicon.

In this paper we will review the operation of the

minority carrier lifetime bridge and show how it can be a real Let us mention two physics applications of the
workhorse in the laboratory environment. The main contactless minority carrier lifetime probe. The chemical
advantage of this equipment is that it can give immediate surface preparations leave a sufficiently good surface quality
answers about the semiconducting quality of unprocessed or to allow the formation of "naked" quantum' wells. These are
partially processed materials. We will examine the utility of sing:e sided quantum wells with one face exposed for
this type of apparatus by reviewing some of the applications chemical modification. A second application is the study of
where it was found useful. bulk radiative recombination in the direct gap such as GaAs.

There is a resurgence of interest in the physics of spontaneous

The first application will be to compare
2 the quality emission of light in high refractive index materials.

of Ill-V double heterostructures which are grown by the three

most common growth methods: organo-metallic chemical

vapour deposition (OMCVD), liquid phase epitaxy (LPE) and

molecular beam epitaxy (MBE). In making these

comparisons, it is significant that the epitaxial layers are not

subjected to any processing after growth. Because there are

no contacts required, we see the material quality directly as

grown. The best and most consistent minority carrier

properties came from OMCVD, but the other growth

methods were almost as good.

,2'
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Contactless Measurement of Silicon bending ws. Equating the silicon image
Generation Leakage and Crystal Defects charge, Qsi, to Qc for conservatIon of
by a Corona-Pulsed Deep-Depletion charge, charge neutrality requires

Potential Transient
tQc = oils: = sD...,iti + qN, x~t)

= Coo taVsit) - 0*s(t)' (3)
Min-Su Fung and R. L. Verkuil

Eq. (3) assumes no charge loss to the

IBM Corp., East Fishkill surface and perimeter; where N is the

Hopewell Junction, NY 12533 silicon doping, assumed uniform, tXt)

(= X - X._,,) the instantaneous depletion

depth increment from the equilibrium value

Silicon minority carrier generation X,_,-, and 0.,_ Is the inversion minority

leakage and crystal defects have been carrier charge.

studied with Metal-Oxide-Silicon pulsed

transient capacitance measurement by many If the deep-depletion silicon capacitance,

authors [l-6l. This paper introduces a Csi(t) = rsi/X(t), is contributed solely

contactless measurement technique to by the doping charge, we have

detect similar silicon properties. We use dws/dX = qNvX/rsi, and tne generation

a corona discharging to pulse a silicon leakage can be obtained from Eqs. (2),

surface into deep depletion and observe (3), assuming negligible diffusion

the resultant open-circuit surface component at room temperature:

potential transient. The measurement does
not require a metal-gate or ohmic contact. Ig = dQI/dt - qN, dX/dt

thus a few undesired MOS process-related = - [esi/X] d*s/dt
problems can be prevented, such as = - Csi(X) d*s(t)/dt (4)

accidential contamination and incorrect

metal anneal, which often disturb the Note that Eq.4) has a simpler expression
measurement sensitivity and alter the test for Ig than tue MOS theory under similar

sample's property of interest, assumptions, as per Zerbst relation (103.

This is a consequence of holuing the pulse

Measurement Principle charge constant instead the gate-voltage

constant. Unlike MOS, COS does not need

Th Corona-Pulsed Deep-Depletion technique the extra gate charge, Cox d*s/dt, to

uses Corona-Dxide-Semiconductor (COS) maintain a fixed gate voltage. Thus it
appa-avus similar to prior work [7,83 and will result in a lower final oxide field

is dtscribed by another paper in this con- for the same pulsed depletion depth. This
ference C9]. A field-induced junction, is an advantage for working with thin
required for a repeatable measurement, is oxide.

created on an oxidized silicon surface
oith uniform selective corona (Fig. 1). Considering centers with equal steady-

The junction is (corona) biased in silicon state generation and recombination rates,

inversion to minimize surface leakage from uniformly distributed in X, the generation

interface states. Perimeter leakage is lifetime ig of the minority carriers can
reduced with a corona-induced silicon be evaluated by

accumulation ring around tne junction edge

Ig = qn[X(t) - X,_] /rg
Silicon deep-depletion is induced by puls- = Utsi/X] dVs/dt (51
ing from inversion with a single burst of
constant corona current. The corresponding Eq (5) shows a linear relation between

deep-depletion recovery is monitored with dVs/dt and X(X-X...), which can be used to
a Kelvin system which detects the surface examine the measurement model.

potential of t'ie oxidized silicon with
respect to bulk silicon without making a Results

I direct contact (rig. 2).
Samples of IE15 p-sillcon, with or without

At any time t, the surface potential (Vs) thermal pre-treat, and IEI n-epitaxial

is divided between the oxide and the with an n+ buried layer on a p-substrate

silicon depletion: are studied. MOS results and chemically

etched defects are compared.AVsnt) S Vs5(t) - V),,,.,

= &Vox * & [s;t) - ",,,'- I. Generation Leakage

= aQC/Cox + tgs(t) (I)

Fig. 3 shows the plots of dVs/dt versus
where V,,., is the junction initial inver- X(X-X,.,-, for several samples. The linear

sion bias potential, Vox the potential regime of the plots shows where the

across the oxide, Cox the oxide capa- corona-pulsed potential measurement for

citance, *',., the inversion band bending, generation lifetime is valid. The life
and Dc the corona charge. Given a constant times, as calculated from the linear slope
total corona-pulse charge 0c and assuming ()qn)/si ig], are consistent with the
negligible oxide leakage, Eq.(l) leads to MOS lifetimes.

dVs/dt = d*s/Jt (2) The deviation of the curves in Fig. 3 from

an ideal linear relation is caused by

Eq. (2) says the rate of change of Vs high-field effects in the strong deep-

transient is a direct measure of the rate depletion and a non-uniform surface doping

of change of silicon deep-depletion hand- in the weak deep-depletion.
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II. Random Single Crystal Defects

Similar to the method of MOS, random
single silicon crystal defects at low

density (< I defect/cm") will result in ,- I
very short duration COS potential

transient. Such detection normally is

difficult to achieve with preferential

etch. In the presence of a single crystal

defect, an extroadinarily rapid x
generat ion- recombination rate occurs at a 0.d,
very localized site, thus the concept of

uniform generation-recombination is no

longer valid. Instead, the silicon deep- ......... - .
depletion behavoir is dominated by the
property of the local defect-center. We F19- I D- ,.-1,P-1

shall show this sensitivity on ar

&ft -ial sclin sample.

Fig. 4 shows a population of transient

potential traces collected from an - -

epitaxial sample. Four electrically
defective sites manifest themselves by
much more rapid recovery transient, mostly T,_

acco panied with smaller maximum 6*s. MOS --_ x

results from these sites show consistent 1 ,
excessive leakages, 2 - 4 orders of mag- x,

nitude higher than the average population. a.

With preferential etch, a single bulk

epitaxial etch pit(s) is exclusively found

within the area of electrically defective 2....'

sites. Band bending pinning at the physi-

cal defect is believed to limit the full

extent of the deep-depletion depth. This x s,¢xxxoD.csos

effect allows us to estimate the approxi- . 0
mate depth of a bulk defect from the x' N
maximum t* measurement of a defective .... ' 0

site. The calculated defect depths can be

compared with defect unlayering in :0 x "'c x'

repeated etching steps.
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nmb lUfeU of PI
P
+ epitmdal siion where T is the oxide thickness and C is the oxide

capacit .
M. Aminzadsh & L. Forbes

MThe main mativation for C-t measurmnts at
Oregon State University, Dept. of Electrical Engjr. elevated temperatures using different epitaxial

Corvallis, Ct 97331 thicakesses is to clarify whether the epi-layer - p
interface has a significant impact on the

reowbination lifetime of the epitaxial layers.

The pulsed MOS capacitor technique at elevated Therefore, a set of epitaxial wafers with identical

temperatures [1] was employed for characterization of substrate and epitaxial growth conditions except

reccubination lifetimes, ir on p-type epitaxial different epi-layer thicknesses were prepared for

layers. This tedniqie relies on the dominance of the this study.
quasi-neutral bulk generation (diffusion current)
over the generation within the space charge region The apparent recombination lifetimes based on zero
and surface generation at elevated temperatures. The J assumption are plotted versus the epitaxial
lateral otribution of the diffusion current was tcakess in Fig. 1. As the epitaxial thickness is

taken into consideratiun (2j jr the M.S capacitors increased the apparent recombination lifetimes
fabricated on thin p-type epitaxial layers. increases. Since the samples had identical growth
Previously [2), it was assumed that the c~ntribution conditions, the actual recombination lifetimes of the

of minority carriers at the epi-layer - p substrate epi-layers are ewpected to be the same regardless of

interface is negligible; however, a significant epi-layer thickness. A plot of J obtained from

number of minority carriers seem to generate from the c-t transient response at 700C-Oaing Eqn. (2)

this interface which result in low apparent lifetimes versus the epitaxial thickness is shown in Fig. 2.

of the p-type epitaxial material. Therefore, the Each data point in this figure represents an average
recombination lifetimes calculated based on the of 30 measured values. The actual recombination
assumption of zero 7eneration of minority carriers lifetime of the p-type epitaxial material is 19 gsec
at the epi-layer - p interface are apparent values which is calculated from the slope of Fig. 2 using
rather than the actual T values. Investigation of Eqn. 1. This is equivalent to an actual diffusion
various epitaxial layer t~ickneoses reveals that a length of 245 Am. This is an order of magnitude
significant number of+minority carriers are generated larger than the apparent values for thin (13 pm) epi-
.t the epi-layer - p substrate interface causing an layers shown in Fig. 1. Since the corb'ined
order of magnitude reduction in measured or apparent contribution of the generation within the space
recombination lifetimes, charge regiop and the surface generation is only

Etreely high generation lifetimes oft r a t 4 nA/cm at 70 C, the interface of epi-layer -

of 20-30 h gec were observed p tate (J ) is responsible for the remaining

doping c entrations ofbsre oT 4
p-type3epi-layers of 

current seen Ys the intercept of Fig. 2. Thi
4x10 CM which was sugests that the interface of the epi-layer - p

supported by DIS measurements where no significayo substrate constitutes 70% of the total current for
deem levels with concentrations higher than 3x10 thin (13 Am) epitaxial layers. As the diffusion=~r wxprsn.Tedsity ofwithSt

at ~ ~ ~ ~ ~ ~ 0 wer prsn.Tedniyo ne-ese t current increases with respect to J by inceaing
the Si-SiO interface was lower than 10 cm eV

- .  th pitaxia Udi-, the z-paW r s
These nidicate tht the active region of lifetimes approach the actual T values of the epi-
the epitaxial material is free from defects or layer in Fig. 1. Therefore, te Tain limitation in
in~mprities, the reombination lifetimes in p/p epitaxial wafers

is due to a localized degradation of lifetime at the
The return to equilibriumo in the pulsed M.s interface of the epi-layer - substrate rather than

capacitor is sm of four processes which may be the epitaxial layer itself.
written in terms of current density (2]. It consists
of diffusion of minority carriers within the
epitaxial layer, generation of carriers at the epi- REFERENCES
layer - p substrate interface (J ), generation
within the depletion region (Jg , and surface (1) D.K. Schroder, J.D. Whitfield, C.J. Varker,
generation (Js). ' "Reombination lifetime using the pulsed MS

capacitor," IEEE Trans. Elec. Dev., Vol. ED-31,

ni
2  4Ln + No. 4, pp. 462, 1984

-tota! = 
q  

_- 2 WB (I + [2) M. Aminzadeh, L. Forbes, "Recobination lifetime
Na In  D of short base width devices using the pulsed

MOS capacitor technique,"IEEE Trans. Elec.
Jpp+ + Jgen + Js() Dev., Vol. ED-35, No. 4, pp. 518, 1988

where N is the doping concentration of the p-type (3) M. Zerbst, Z. arnpew. Phys., Vol. 22, pp. 30,
epi-laye5, Lthe diffusion length, Wn the epi-layer 1966
thickness, atd D the diameter of the G capacitor.
At elevated temperatures generation within the space
charge region and surface generation (last two term)
are negligible. Therefore, J is linearly This work was supported by SE1 America, Inc.
proportional to the epitaxial tqdknesa for short
base width devices (L > B). The total current
density contributing iPo the return to equilibrium
after application of the voltage pulse can be
obtained from the time derivative calculation of the
C-t response (3] as follows:

-N a £ d

tntAl 2 -- dt C t) (2)2 o dt C(t(
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AGNFrO-ELECI'RICAL CHARACrERIZATION OF
MATERIALS AND DEVICES

David C. Look

Un1iversity Research Center

Wright. State University

Dayto-, CH[ 15135

The use of magnetic fields in the electrical
characterization of semiconductor materials is
fami liar to everyone, in the form of Hall-effect

measurements. Howeer, there is another magnetic-
field-based phenomenon, magnetoresistance (MR), which
is highly useful but not nearly so familiar to the
majority of workers. One of the unique features of MR
measurements is their applicability to common device
structures, in particular, field-effect transistors
(F,'r's and contact-resistance patterns. We will show
how channel mobility information can be extracted from
the lt data in metal-semiconductor FEr's (MSFET's)
and modulatior-!ped heterostmeture FEr's (MODFEr's),
a-d also how the material under ohmic contacts can be
compared wilh the unprocessed material to see if
appreciable contact-element diffusion has occurred.
Finally, we will consider some common problems which
are often overlooked in performing simple Hall-effect
measurements on thi, structures. Some useful formulas
and plots are presented.
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LOW FREQUENCY NOISE AS
A PROCESS DEVELOPMENT The process with an Argon gate oxidation push and anneal and

AND CHARACTERIZATION TOOL with PECVD silicon nitride final passivation gives the lovest
noise and is also independent of drain voliage. This is bcliecd to

F. Scholz be due to the prevention of nitridation during the oxidation prcc-
Northc-t Telecom Electronics Ltd. and even more important, the high hydrogen content or tne

San Diego, CA 92127 PECVD silicon nitride process. Hlydrogen becomes encipNulited
by the silicon nitride and reduces interface states.

G.N. Maracas and D.K. Schroder
Center for Solid State Electronics Research

Arizona State University Figure 2 shows values of the density of interface traps as
Tempe, AZ 85287 determined from noise measurements and compared ,ith values

from charge pumping experime:,. Noise measurements show the
Introduction: greater sensitivity especiall) for the lower noise level processes

Low frequency noise measurements are used as a powerful
process development and characterizatin tool for field-effect
transistors (FETs). By measuring the spot frequency gate-referred
noise power as a continuous function of temperature at different
spot frequencies as well as measuring the gate and drain bias
dependence of the noise for different wafer process variations,
ver' useful process development and characterization information:
can be obtained.

Theory:
E

The sources of low frequency noise in MOSFETs are flicker
noise, generation-recombination (G.R.) noise and thermal noise.
These types of noise will be present in other types of FETs to
varying degrees.

The temperature dependence of the spot frequency noise curves ,
for flicker noise is deteniined by lie energy dependence of the
oxide trap density. In general, flicker noise has a gradual change ftHzt
with temperature. Theoretically it is possible to obtain a spot
frequency noise peak when the sample temperature is scanned Figure 2. A comparison Dn calculated from low frequenc noise
which would not shift to higher temperatures with increasing spot an charge putniping experiutenis ss. spot frequency. The dev ices
frequency. are Si \IOSFlTs passi vated by tour different princse.

Phosphorus silica:e glass (PSG) and silicon nitride under N, atnd
Generation-recombination noise, on the other hand, has strong Ar atmospheres. V., = 1.35 to 1 4 V so that ,isat= 4

(hqA
peaks at specific temperatures depending on the spot measurement
frequency. As the spot frequency increases, the peaks reduce in
magnitude and shift to higher temperatures. The G.R. trapping Strong GR noise can be identified by the peaks in the family of
parameters can be extracted in a manner analogous to Deep Level spot frequency noise versus temperature curves of Figure 3.
Transient Spectroscopy (DLTS). This is accomplished by at where the peaks shift to higher temperatures as the spot
Arrhenius analysis of spot frequency noise versus temperature of frequencies are increased.
the noise peaks.

Thermal noise can dominate in long narrow channel devices
operated at low drain voltage and higher frequencies where flicker
noise is low. It usually decreases gradually with temperature in
MOSFETs.
Experimental results: 'o

Room temperature noise measurements performed at a spot f'-
frequency of IkHz for four different process variations, and as a 5o" 1  ,
function of drain voltage are shown in I- igure 1.

..... ! ,o "

" - _.7 , ' c igiure ". Measured spvot frequencs' gate -referred noise ptss cr a',

function of tettperaiure for 3N 158. p-chai sI( )Nl's! I

The GR trapping paratncler.
, 

iic lhucticnn Icd t iin ths ,c p ii
a tmanner analogous to 1I).I'S tcasiiucirci. tsUc
frequencv noise ArruCfni plot. i'licre is good at'ec i it l'[ 5..cc

v n, V) these results and 1)1,'I'S oteasurtitents on ths 'nI Ie' uc
Various cohintoitii)ins of licker noise andits I.E itic III, i,

figure I. Gate referred mean squared noise voltage versus drain When PECVD silicon Intrile asssvanison is uvcd I plaCe ",,I ISG
voltage at a spot frequency of I kHz for four different Si passivation. the flicker nois is reduced s lile the (rR ollc peak
MOSFET passivation processes. Vg, = L,35 to 1.4 V so that atiplitites remain unchanged (,cc Figures 4 a and 4h
Idsat= 411a A.

Im m n mmm m I • mummm n •mlmlmmmmmmm mm m i mm



0 10 1- * 9 0 6

Topl0ue K

Itot

--- '- ,

05V inTb)V,=KId,(

This is because traps in the depletion region ace not reduacedi by the As the drain Vo(I[tage i' iticeised Ito salItt11101u. GR 10CCQ Ml t

hydrogen as are the surface traps. be obscured by fficker noise t~igirc 51b).

Noise measurements can also be performed on other FFT devices. Details of these results w il be Presented.

Spot frequer noise versus temperature measurements for
AlGaAs/GaAs modulation doped FET devices indicate GR traps
which ace most easily observed at low drain voltages (Figutre 5a).
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Defect engineering and the contact resistance of formed by the predeposition and diffusion of boron
shallow and deep junctions in silicon discrete from a boron nitride source. The boron predeposition

and integrated power devices was carried out at two different temperatures to
minimize the silicon surface damage. Typical micro-
graphs of boron doped silicon surface delineated using

S. AI-Marayati, K. Shenal, N. Lewis, Wright etch are shown in Fig. I for predeposition car-
and B. J. Baliga tied out at two different temperatuLes. Significant

reduction in the silicon lattice defect density can be
General Electric Company seen for specimens where the predeposition was perfor-

Corporate Research and Development Center med at 800C. Contact test structures were fabricated
Schenectady, New York 12301 by wet or dry etching 151] a layer of densified oxide

and sintering rf sputtered Al or Alusil metal layers

in hydrogen or forming gas at 465'C.
I. Introduction

Low contact resistances to both shallow and deep III. Contact Characterization
junctions are required in discrete and integrated high
voltage devices to minimize the power dissipation, to Detailed contact resistance measurements were
increase the switching efficiency, and to improve the petformed using cross-bridge Kelvin resistors and TLC
frequency response characteristics [1-41. For smart test structures to understand the contact resistance
power applications, low voltage logic circuitry at the uniformity, contact linearity with current density,
VLSI complexity need to be monolithically integrated and contact string yield across 4 inch. diameter sil-
with high voltage switching devices 15]. This function icon wafers. These measurements were also performed at
requires simultaneous low resistance contacts to both a number of different temperatures in the range of
n- and p-type silicon and to both shallow and deep O°C - 225*C to understand the contact reliability.
junctions. It is generally well known that contacts of Specific contact resistivity was determined from
aluminum based alloys to p-type silicon have low measured contact resistance, contact dimensions and
resistances because of relatively smaller Schottky distributed two-dimensional contact modeling. Detailed
barrier height [6,71. correlation between the electrical and material

characteristic will be made based on extensive contact

In bipolar mode power dcevices such as the Insula- resistance measurements and material analysis perfor-
red Gate Transistor (ICI) [8-10]. reliable contact med using SIMS, SRP, SEM. TEM, four-point probe
metallurgy with low cortact resistance is needed to measur.ments, and silicon surface defect density
both s- and p-type silicon to reduce the latch-up suc- measurements made from surface delineation techniques
ceptibility, to reduce the forward drop, and to

improve the device afe operating area (SOA). In power

MADSET's, low contact resistances to source, drain, References

and channel diffusion result in reduced power dissipa-
tion, enhanced frequency response, and improved device 1I C. Ho, et al, IEEE Trans. ED-31, pp. 1693, 1984
ruggedness to high surge currents typically observed [2] 8.J. Baliga, in IEDM Tech. Digest. pp. 102.
when delivering power to inductive loads (11,12]. High 1986.
quality shallow and deep junctions with low defect [3] K. Shenai, and B. J. Baliga, Extended Abstracts
density are required to reduce carrier recombination of the 172nd Electrochemical Soc. Meeting, Noes-
and generation effects and to improve the high fre- lulu, Hawaii, Abstract No. 705, p. 1005, 1987.
quency switching characteristics. Defect engineering 14] K. Shenal, et al, in Proc. Workshop on Tungsten
to fabricate a variety of silicon junctions with low and Other Refractory Metals for VLSI Applica-
contact resistances and defect densities is therefore tions, Material Research Society, Pittsburgh,
a necessity. PA, p. 219, 1987.

[5] R. J. Baliga, IEEE Trans. ED-33. p. 1936. 1986.
In this investigation, we report on a detailed [6] C. Y. Chang, et al, Solid State Electron. 14, p

study conducted to understand the contact characteris- 541, 1971
tics of a variety of shallow and deep As, B, and P [7] S. M. Sze, Physics of Semiconductor Devices. 2nd
diffused junctions typically used in discrete and Ed., Wiley:New York, 1981.
integrated power semiconductor technologies. A number [8] 8. J. Baliga, et al. in IEEE IEDM Tech Digest

of implantation/diffusion and predeposition/diffusion p. 264, 1982.
cycles were used to obtain a range of sheet resistan- 19] J. P. Russel, et al, IEEE Electron Dev Let
ces, doping profiles, junction depths, and surface EDL-4. p. 63, 1983.
defect morphologies. High resolution TEN, SEM. and [10] B. J Baliga. t al., IEEE Electron Dev. Lett
silicon surface etch delineation techniques were used EDI.-5. p. 323, 1984.
to understand the structural transformations and [II K. Shenal. et al, General Electric TIS Rep
dopant precipitation mechanisms; spreading resistance 87CRD207, 1987.
profiling (SRP), SIMS, and the four-point probe [12) K. Shenal, et al, presented at The Workshop on
measurements were used to measure electrically and Metals, Dielectrics, and Interfaces for VLSI.
chemically active dopart concentrations. silicon sheet San Juan Bautista. CA, May 9 - 12, 1988. Also to
resistance and junction depths Both the appear in J Var. Sci. Tech. B, 1988,
transmisslon-line contact (TLC) test structures (131 113] H. H Berger, Solid-State Electron. 15, p 1,5.
and cross-bridge Kelvin 'eslstors [14] were fabricated 1972.
and detailed contact resistance me-surements were per- 114] S J. Proctor. and L W. Linhole, IEEE Elect cc.

formed. Correlation between the material and electri- Dev Lett. EDL-I, p. 294, 1982.
cal contact characterisric is made based on these [151 K. Shenali et al, presented at the Seventh Sp
results and an optimum contact processing sequence on Plasma Processing, 1988 Spring Mtg of FCS
with Al and /U + 1%S contact metallurgy is derived. Atlanta, CA, May I 20, 198, Abstract No II,

of the Extended Abstracts Volume, p. 16Q. 1QS

I. Contact Fabrication Procedure

The experimental device structures consisted of
An, B, and P diffused regions fabricated on <O0>
oriented silicon substrates Shallow As and deep P

doped junctions were formed by implanting As. 75 and
PSI specles and the implantation and diiic"csitc

Icrm,-tors wet a riod to obtain . range of doping
prfil-s Shallow B dopI, c-l Ito s wer.e fabit-icad hy
irrplcct ing 8-Il species wicreras dc i p JanIctcc, were



(a) (b

Fig. 1 Surface micrographs of boron deposited silicon
surfa esI delineated us in g the Wright etch for 2 min
(a) B~oron deposition pecrforme d frtom boro.n n itride
source at 85O C (17,000 defects/cm), and (b) Boron
dep osi tion performed from a boron nitride sosircc at
800'C with significantly reduced defect decsitv
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SPREADING RESISTANCE - RECENT DEVELOPMENTS IN epitaxial layers. This method is however only
IMPLEMENTATION AND INTERPRETATION directly applicable if the effective barrer

resistance is positive. In most facilities this
M Pawlik condition is violated for p type material but tne

probe conditioning procedures we employ overcome this
GEC Hirst Research Centre problem. Different formulations of the algorithms

East Lane, Wembley using a variable radius formulation are also now
Middlesex, HA9 7PP, UK available and the value of these will be assessed.

By combining our experimental technique with the nest
choice of smoothing and the appropriate formulation of

During the last few years considerable progress has the correction factors, we obtain carrier
been made in the inplementation of the spreading concentration profiles which are the best that can
resistance technique and in the interpretation of currently be achieved. Despite this, there are
results obtained by using the technique. There have numerous examples where there is a large discrepancy
been developments in experimental procedures, in data between carrier concentration profiles as determined
reduction techniques and in the understanding of the by spreading resistance and atomic or dopant profiles
results, particularly in resolving differences between as determined by SIMS or Neutron Activation Analysis
carrier and dopant profiles. This paper will consider e.g. low dose implants [5] and high to low rapid
each of these in turn and will discuss results of resistivity transitions which can be achieved tY
analyses performed on conventional IC type structures Molecular Beam Epitaxy. In an attempt to try aht
as well as more demanding structures grown by resolve these discrepancies experimental studies rave
Molecular Beam Epitaxy. been undertaken by profiling samples in the nor-,ai ant

in the "upside-down" configuration [6]. These studies
The preparation of the bevelled sample and the have been complemented by modelling the system ty
conditioning of the probes remain the two most solving the one dimensional Poisson equation wit,
important parts of the experimental process. There is particular boundary conditions to give an or bevc '
now general agreement that diamond bevelled surfaces carrier distribution. A coherent picture has eneret
give electrically stable surfaces. The oreparation of from these studies which shows that one Oimen simon
probe tips is still based on empiricai data but a carrier spilling is responsitle for most of tre
procedure has been developed [1] which gives good observed discrepancies. Examp'es will he shown of
electrical characteristics and is reproducible. This cases when carrier spilling must be taken into accOurt
procedure involves unique methods of probe to be able to infer vertical carrier distrilutios and
conditioning as well as a rigorous process of probe ultimately dopant distribitions.
qualification. One important result of this process
is that a calibration curve is always generated which Acknowledgements
has a slope which is greater than unity. This gives
considerable advantages in the subsequent use if The author would like to thank the Etropean Econo-ic
correction factor algorithms as there are no problems Community for their partial support of this work unJer
with apparent negative barrier resistances. Esprit Project 519. He would also like to thank -n

partners in this project W. Vandervorst and T.
The need for efficient algorithms for the conversion Clarysse of !1[C and A. Casel of AEG vor permission to
of raw spreading resistance data into carrier use some of their data.
concentrations has long been recognised [2] as has the
need for good data smoothing prior to the application References
of such algorithms [3]. A new form of data smoothing
has recently been proposed which is based on th, 1 Ogden E.J., Esprit Project 519 - Special Report,
concept of onstrained cubic splines [4]. This has Sentember 1987
been extensively tested and has been found to offer
signifcant advantages in its ability to follow general 2 Pawlik M., In ASTM STP 960, Eds. D.C. Gupta and
data trends and to simultaneosuly reduce noise to an P.n. Langer, 1988
acceptable level. This algorithm requires little
operator input and allows complex multilayer type 3 Pawlik M., Proc 1st Int. Symp. on Molecular Beam
structures to be smoothed. Furthermore it can be Epitaxy, Vol 85-7, The Electrochemical Society,
implemented on a desk top computer and does not 1985
require excessive computation time. Examples of the
applications of this algorithm will be presented. 4 Clarysse T. and Vandervorst, W., Solid State

Electronics, Vol 31, p. 53, 1988
The calculation of the sampling volume correction
factor has always proved difficult but there is now a 5 Godfrey 0.J., Groves R.D., Dowsett M.G. and
choice of algorithms which can be used as Willoughby A.F.W., Physica 129B, 1986
circumstances demand. The Berkowitz-Lux method has
been extended to include barrier resistance and as a 6 Casel A. and Jorke H., Appl. Phys. Lett., Vol 50,
consequence gives greater accuracy in situations where p. 989, 1987
a conducting lower boundary exists. e.g. n -n

+ 
or p-p

0

h;,0



Recent developments in the which evaluates the resistance based on the car-

interpretation of spreading resistance rier levels ol the bevel [2]. However for submi-
profiles for VLSI-technology cron ranges one should definitely use the "un-

derlying vertical carrier profile" and not the on
W.Vandervorst and T.Clarysse bevel carrier profile since it is the first one which

IMEC' vzw determines the actual current distribution and

KAPELDREEF 75, B-3030 LEUVEN, BEGIUM hence the correction factor to be applied. There-
fore a simple reverse Poisson solution after cal-

culating the on-bevel carrier profile will not lead

to the correct results. Finally on should realizeThe accurate determination of ti electrical that current schemes use a mobility value for con-
carrier and dopant profile is an important issue in tatcretshisueamoltyvuefron

verting resistivity to concentration, based on the
tlse control of VLSi-processes dealing with sub- carrier concentration whereas in extreme cases of
micron devices. The use of submicron devices carrier spilling the dopant concentration, which

has highlighted the problems associated with the c e q d ican be quite diff'erent, is the deternuning factor.
standard interpretation of spreading resistance A new correction scheme is proposed which takes
profiles. In particular the difference between the into account the correc calculation of the cor-

eh'trical carrier and the atomic dopant distribu- rection factor using instantaneous vertical car-
tion has not been accounted for on a routine basis rier profiles as well as the correct mobility value
in conunercially available correction routines. through the calculation of the oi bevel as well as

In the present work we report on the imple- vertical carrier and dopant distribution.

mentation of a one dimensional iniodel which re- Experimientally the analysis of devices can also
lates tile carrier and the dopant profiles through be influenced by the current restriction in these

the solution of the Poisson equation. In this small structures. In this case the measured
model the on-bevel carrier concentration is con- spreading resistance will not correspond to the
ptel by simnulatinsg the influence of the bevel value measured on a homogeneous substrate. Us-

angle by sequentially removing incremental lay- ing specially designed structures we have ,nea-

ers from the atomic doping profile [1j. The sured the effect of close-by boundaries on the
use of this carrier spilling model allows to ex- spreading resistance of identical profiles. It was
plain the anonalies obseived when p~rofiling lou, found that the resistance increases significantly
dose implants inito sane aid opposite type sub- (factor 2-5, Fig. 2) as the boundaries come closer
strates. In the latter case a profile much shal- than the probe spacing. Theoretical calculations

lower and apparently much lighter doped is ob- using a 3D-solution to the Poisson equation coil-
served than in the foriner case. This can how- firm that the effect can solely he ascribed to the

ever be exlslained based on the carrier spilling restriction of the current flow in these analy-
effects (Fig 1). Also in the case of abrupt junc- sis. In addition it was found that this increase
tions (n+ on p, p+ on n) the model explains in spreading resistance in these sinall structures
why no "junction peak" can he observed. Exten- leads to an incorrect evaluation of the integrated

sive comparisons with the carrier spilling effects dose of the profile. No effect ois the measured
calculated with two-dimensional sinmulators indi-

cate that the two-dimensional effect is extremely junction depth was found.

small for most practical applications. In fact the
one-dimensional calculation can also predict the References:

muaximumm two-dimensional effect such that al-

ways the accuracy of the model can be evaluated. [I] A. Casel, Appl. Phys. Lett. 50, 989 (1987)
The correct interpretation of spreading resis- 121 P.A. Schumann and E.E. Gardner, Solid State

'rime corect interretationof1spreadng resis

tance measurements is further complicated by Electronics 19, 561 (1976)

the fact that presently available schemes rely

on the Schmiann and Gardner multilayer theory
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CONTACTLESS SILICON DOPING MEASUREMENTS CQ, PNGMS. NEj LL5 - Fig. 4

BY MEANS OF A CORONA-OXIDE-SEMICONDUCTOR shows a field induced P-N junction

(COS) TECHNIQUE immediately after the deep depletion
negative corona burst, dQO. For example,
consider the case of unif

8
fm doping, N :

W. and PSI.?X are the silicon depletron
R.L. Verkuil and M.S. Fung diYh and su Xce potential, respectively,

IBM Corp., E. Fishkill corresponding to strong inversion. From (3]:

Hopewell Junction, NY 12533Winv {2(Es iPSIinv /(q(Nd))) 1/2 where:

PSI inv = (KT/q)(Ln(Nd/ni) + 2.08), as per
.INRDU O - A contactless, Lindner [3). dW is the additional depletion
Corona-Oxide-Semiconductor, COS, technique depth resulting from instantaneous silicon
for P or N type silicon doping measurements charge imaging of dQox. From conservation of
is presented as a convenient alternative to
conventional Metal-Oxide-Semiconductor, MOS, charge: dQox 

= 
(Eox/Tox)(dVox) = dQsi=

methods (1,2]. As in MOS, we use silicon qNd(dW). From 131, for deep depletion: Win v
depletion theory (3]. Unlike MOS, we use a 1/2
corona discharge to replace the metal MOS + dW = (2(Esi)(PSIin v + dVs i)/(q(Nd)))

electrode, similar to [4,51 and our later Combining the above relationships leads to
work (6,7,8]. Furthermore, unlike earlier an implicit expression for Nd, which can be
corona applications in the semiconductor solved by iteration. For non uniform doping,
industry, this paper and another paper [9] we are extending the same apparatus to do
at this meeting feature pulsed silicon deep profiling with a pulsed Q-V method similar
depletion measurements with a corona to MOS pulsed C-V [2]. Incrementally
discharge [61. increasing corona pulses are used to obtain

silicon capacitance, C.i = dQsi/dVsi.
5_ Z ! PB AHH- Pig. 1 shows, for

example, an oxidized N type wafer on a MOLL3bSO 2ISQlQ - Eleven experimental, N
vacuum chuck riding on an X-Y stepper. The type, epitaxial silicon wafers were
stepper moves selected wafer testing processed to produce a range of N from 

7
e15

locations between two corona discharge guns - le17 at/cc. Aluminum MOS dots (90 mil
and a customized, automatic Kelvin Probe diam.] were evaporated on a portion of each
System for contactless surface potential wafer, with blank space reserved for COS
measurements. Each corona gun consists of a testing. N was measured at 3 sites/wafer by
needle, connected to a +/- 6-8Kv source, and COS and thg MOS Cmax-Cmin method [11. Fig. 5
associated electrodes for creating and shows the good agreement obtained.
directing a well defined beam of ionized
room air down to the wafer surface. Beam nTCUQ5D Q VHUTN - The COS technique
diameters of the large and small guns are is primarily limited by corona discharge
controlled by metal masks, similar to beam characteristics and control: Uniformity
[6,7,8,101. The Kelvin Probe System is affects accuracy, sharpness of edge
actually a combination of two automatic definition affects fast surface slates
Kelvin Systems that eliminate the need for a related errors and repeatability is critical
backside wafer contact by measuring changes fcr attempting doping profiles. In the
in wafer surface potential, V , relative to absence of silicon defects, the deep
wafer bulk. Measurement response time is depletion transients we obtained were so
about 100 ms. The top Kelvin System senses a slow (tens to hundreds of seconds] that the
selected wafer testing location via several hundred ms required for charging,
capacitive coupling across a small air gap. moving and sensing duing COS testing was
The bottom Kelvin system similarly senses not a limitation. The major COS advantage is
the back of the wafer. All of the above no need for evaporated metal dots or
apparatus is housed in a dark enclosure, contaminating liquid contacts.

C.QIIOlNQ_ A5UW QEVCBD B - Consider RE C
an N type silicon example. First, a 2 cm Ill E.H. Nicollian and J.R. Brews, MOS
diameter region on the wafer surface is (Metal Oxide Semiconductor) Physics
accumulated by positive charging from the and Technology, John Wiley and Sons,
large corona gun, as shown in Fig. 2a. Then, NY, (1982) pp 407-408
as shown in Fig. 2a, a 1 cm diameter area 121 Ibid, pp 383-385
within the accumulated region is inverted by (31 Ibid, pp 58-63
negative charging from the small corona gun. 141 M.H. Woods and R. Williams, J. Appl.
This results in a field induced P-N Phys., Vol. 44, No. 12 Dec., (1973).
]unction, with a perimeter surrounded by an (51 R.B. Comizzoli, J. Electro. Chem. Soc.,
accumulated silicon guard ring to minimize Vol. 134, No. 2, pp. 424-429 (1987)
surface effects. Next, a 100 me negative [61 H.W. Curtis, M.S. Fung and R.L.
corona burst from the small gun pulses the Verkuil, internal pat. pubs., '83 -'87.
junction into deep depletion. The junction 17] M.S. Fung, J.A. Bruce and R.L. Verkuil,
is then rapidly centered under the pick-up Electro. Chem. Soc. Ext. Abs. 284, May,
plate of the Ltp K lvin System to capture '85 Mtg.
the resultant V transient shc n in Fig. 3. [81 R.L. Verkuil and M.S. Fung, Electro.
From Fig. 3, th8 changes in silicon surface Chem. Soc. Ext. Abs. 169, May '88 Mtg.
potential, dV , and oxide potential, dVox, [9] M.S. Fung and R.L. Verkuil, Electro.
are combined oth the known oxide thickness, Chem. Soc. Ext. Abs. __, Oct. '88 Mtg.
T , to calculate- rilicon doping (10) Z.A. Weinberg., et.al., Appl. Phys.
c (entration, Nd , using (3]. Lett., Vol. 25, No. I, p. 42, (1974).
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Figure 2 shows the contol signals useod. The onatrol mgoal. are also ge--

Depletion Layer Solves for Nonuniforms erated with the sod of the pesooasl compute sch that the input signal V/ is

Inmpurity Profile uisi Analog perfectly synchiroized with the cotro signal S1. Signal S3 has half the fie

Comoputation Techniques qoency of S, nd in used mainly to control the switch of the sample sod hold

A.Sh V-, .C.C -*, iroitwhiob is the comsponimt of the sol-er that stors the coonrtit of iategra
A~heno, H.C.h~ention C. H-oo 1i. froquency of the input sigool is vairied until the equation (4)

R Roi-.-is satisfied nd eqoals the applied eeoe hieo V. at a . wo where w denotee the
Dlept. of Electi irsi Enigiteevi.g depletion nil.The cakl1d -or.os p-clocead drplei width. ncr mi-atc

Ummerity, of Maryland in Table 3 which wre off by n aveesge of aboot 4 portent which cold ho at.
College Pooh, MD 20742 trihuted to the Wsniy capacitors nd also human error in enlige ,entsements.

Thin tevliaqoe is.a faot nd strnight forward appronoh to deteetmine the junction The photographs indicate the wavefonois obtained nt eneiotss point, in the ",to
piarr~etees lihe the electeic field nd depletion width of a seomiconductor deice during the crones of the espaioment. The apperoach is quite teciw aire it
doped with a nonuniform bitpurity profile. is possible to eoaluate the depletion width nd eleoteic field for ny specific.

The comcoon imipority profiles like the Gaoosinot nd comsplementary error tion of the imopority dopiog peofile nd is mtuch faster thn digitnl comipuiation
funoctions ooe not normally available from a ntandod funiono generator. The teohoiques.

object Of this work is to genrante these wrveforims for a single sided junctioni nd

to one the simulanted nonlog; w-vform to represent the ismpurity profile inpot

to a Poison equntion sol-er The waveformus ooe genranted usnog a personal

cooporev -long with no interface boord consisting of D/A oo-wrec nd this

mahes the wnoefoemo generation technique very flioible enabliog ns to generate (11 Lin HI. C., "Calculations. of as Doohle-Diffused Juxictiot," Electron
woteoot of ny specification nd freqoency. The Po.sson eqontion solver isDeis.v. -2,N9,Spmbr18p.13.
nto nonlog circit thnt soiree the junction poosatetero, nd is niqoe since it is

capable of geniernting the constants of integrntion when the Poisono equation is 121 Sheni KC., Li. H. C., 'CAD Modeling Of Diffoesed p-. Junctions.

nitegented.- Assu-mg that the depletion iipromciocaion holds good wer epreoeot COMPE- The laeteotionnl Jounal for Coompotation nd Mathe-
the Poisson equation hy sontics in Elecrticl nd Electronic Engineering, vol. 1, No 2, 11-127

-No) (1)(18)
131 Hanodhook of Mathemnatical Ftunotions (National Bureaui of Stndood,

wrhere NAt - No is the net dopeot coacentrntion. The electric fi is the fin Wishington, D.C.).
integral given by

- Ec) f-q d.) + Cl (2)

o Now with Intel Corp, Folsoms, CA 956430
Cl denotes the constant of integration which is *Nwwt lidBniClmiM

Cl. f. 9N (-)& (3) 21045-1998

The analo8 circuit used is noshown in Ftguire 1. By using the set control

signals correctly it is possible to control a set offswitohae which makie the circuit

opersio feasible The impurity profile V is the input to the solver. The time of
integcation is enced nuob that Vi at the output of the &aet integrator represents

the first ronstwit of integration. The constnts of integration are imoportant

since they ooe obtained by varying the signal frequency nd the frequency of the

signal is a direvt indication of the depletion width The second integral of the
Poissorieqini yields the potentil distribotioo

V()= - fZLdr+f er()... (4)

ah I
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A review of focused ion beam

MASK REPAIR AND MICROMACHINING micromachining systems and applications will

WITH FOCUSED ION BEAMS be presented. The machines have been
developed for applications including x-ray
and optical mask repair, integrated circuit

L.R. Harriott modification and fabrication of integrated
optical structures. These systems include
provisions for secondary electron and ion

AT&T Bell Laboratories imaging, charge neutralization, material
600 Mountain Avenue removal by physical or chemically assisted

Murray Hill, New Jersey 07974 sputtering, gas phase material deposition,and
secondary ion mass spectroscopy (SIMS).

1. A.Wagner, D.L.Barr, D.K.Atwood, and

Defect repair for lithographic masks is J.H.Bruning, 1983 Intl. Symp. on

currently the largest commercial application Electron,Ion, and Photon Beams, Los Angeles.

for focused ion beams.(l-61 Defects in the
form of excess mask material are removed by 2. D.K.Atwood, G.J.Fisanick, W.A.Johnson,
physical sputtering and those in the form of A.Wagner, Proc. SPIE,vol.471,(1984), p.127.

missing mask material are repaired by
gas-phase ion-induced material deposition. 3. W.P.Economou, D.C.Shaver, B.Ward, Proc.

As circuit and mask features have become SPIE, vol. 773,(1987), p.201.

smaller with advancing VLSI technology, it
has become evident that laser ablation was no 4. T.D.Cambria, Proc. SPIE, vol. 773,
longer adequate for photomask defect repair. (1987), p.201.
Despite the advantage of focused ion beam
photomask repair in resolution, there are 5. M.Yamamamoto, M.Sato, H.Kyogoku, KAita,
difficulties and limitatations. The major Y.Nakagawa, A.Yasaka, R.Tahasawa, and
limitation for the performance of focused ion O.Hattori, Proc. SPIE vol. 632, (1986),

beams in mask repair is mask charging. Mask p.
9 7

.

structures are typically a patterned chrome
absorber on a quartz or glass substrate. As 6. H.C.Kaufman, W.B.Thompson, and G.J.Dunn,
the substrates are insulating, the beam tends Proc. SPIE vol. 632, (1986), p. 60.
to charge the substrate and electrically
isolated Cr features to a positive potential. 7. L.R.Harriott, A.Wagner, and F.Fritz, J.

If not compensated, the substrate will charge Vac. Sci. Technol. B4(1) 1986, p. 181.

up and deflect the incomming ions, causing
beam placement errors. Electron flood beams 8. J.Melngailis, C.R.Musil, E.H.Stevens,
are generally used to alleviate this problem. M.Utlaut, E.M.Kellogg, R.T.Post, M.W.Geis,
Because of the large ion current density, and R.W.Mountain, J. Vac. Sci. Technol.

this process does not always wuik eiiLi.ely. R4(11, 1986, p.17r.

For most situations, the beam placement
performance is about +/- 0.1 micron, however. 9. D.C.Shaver and B.W.Ward, J. Vac. Sci.
Focused ion beam repair has been applied Technol. B4(1), 1985, p.185.
successfully to photomasks and will become
more widely needed and accepted over the 0. L.R.Harriott, R.E.Scotti, K.D.Cummings,
comming years. and A.F.Ambrose, Appl. Phys. Lett. 48(25),

1986, p.
1 7 0 4

.

Focused ion beam mictorachining has also
been applied to integrated circuits.[7-9] The 11. L.R.Harriott, R.E.Scotti, K.D.Cummings,

primary purpose for this is as part of the and A.F.Ambrose, J. Vac. Sci. Technol.

diagnostic process. It has been applied to B5(1), 1987, p.204.

debugging new circuit designs by correcting 12. J.Puretz, R.K.DeFreez, R.A.Elliott, and
errors and isolating sections of circuits for J.Orloff, Electronics Letters 22(13), 1986,
testing. The alternativ*e to this type of p.700.
design fault diagnosis is often guesswork
followed by weeks of delay for processing of
new wafers. In addition to cutting circuits
by milling, focused ion beam induced metal
deposition can be used to complete circuit
connections allowing arbitrary circuit
editing. In the comming years, this
application is expected to be the dominant
one for focused ion beams in terms of numbers
of machines.

Three dimensional structures produced by
focused ion beam micromachining have found
application in optoelectronic devices.10-12)
In semiconductor laser devires, the mirror
facets necessary to form optical resonators
are generally formed by mechanical cleaving
making integration of devices difficult.
Focused ion beam milling has been shown to be
capable of producing optical quality mirror
facets indicating that integrated devices
were possible with this te-hnique.
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Advances in etching by FlB for photonank repair increase is transmissivity of 1S. using the

chemically assisted technique, resulting in alvost te
Y. Nakagawa, T. Yanaoka, K. Aita, M. Sato, same transmissivity as virgin glass. Table I alsoM. Yamamoto shows that the substrate material and the chrome ty

1pe
have little or no effect on transmisivit.

Seiko instruments Inc.
Oyama, Shicuoka, JAPAIN A lithography test was also, performed to compare tie

current technique and our chemically assisted
J. Glanville technique. A Perkin-Elmer M34IIT projection aligner

was used to expose wafers with 1.3-un-thick HPR2(4

Seiko Instruments U.S.A. photoresist after a 
1
10"C 90-s prebake. We cempared

San lose, Calitornia etching results at enposure threshold ( ITB) an? under-exposure levels. Figures 1(a) and l(b) show two
Focused ion beam (FIB) technology for photorask optical microscope photos of resist patterns exposed
repair has become widely accepted us a practical tool at ETH and at 307 below ETB, respectivels. Circle
for photomask repair, primarily because it makes sub- area I was etched using the current technique and
micron repair capability a reality. FIB induced circle area 2 was etched using the chemically assisted
deposition of carbon films is regarded as an accept- technique. Although area I in Fig. 1(a) shows an
able method of repairing clear defects.

1 
The repair unacceptable residual resist image, area 2 in

of opaque defects, however, still presents problems Fig. I(b) shows a degree af resist exposure equal t,
which must be overcome. For example, residual chrome virgin glass.
may be present due to incomplete etching. Excessiv
etching may damage the substrate and gallium is Acknowledgments: The aiuthors wisl to thank His Ip aed
implanted in the etching process. All of these Susan Chiang of Micrel ana itlh lashman and Andrew
Iactcrs will contribute to a loss in transmisivitv Cosio of Nikon Precision Inc. for their assistance in
*I repaired areas. in an effort to improve tens- conducting the lithocraphy testing. Thle asaiseance of
*issivity, it has been suggested that post-rep. r Dr. Arthur Turner of Perkin-Elmer dit Laboratorios is
processing using CF

4 plasma etching, or CHF
3
+O

2  gratefully acknowledged.

reactive ion etching, can reduce the gallium present
in the repaired areas.2,3 These processes subj,ct References:
the entire photomask surface to the etching action cf
the plasma, which changes surface refleetivtb I S .5 Noguhi, STFP/SE1lI Ichcnical Educati roros.
reduoing the thickness of the rmv-osde anti- 98.
reflective laser. This added processing can take up 

2
. Cambria, STfP/yEMI Tecnicil Id ation P.-r I ,,

to 20 minutes per misk, and there is a possibility 1987.
chat new defects will be created. The resulting 3H. Ondo, in Extended Abstracts the t:-n
reduction in overall repair throughput makes such Meetinit of tile Japan Society in Apvlied ;'hi-,
post-repair processing undesirable. 187, p. 4'2'.

4
1
. Yamamoto, SPIt F 3 ,97 (1986).

We have developed a method of secondary ion mass aM. Yinamac, in the I7th -vposu Ion I1plant.-
anaissis cousled with ehemically assisted FIB sputter lion and Submicron Fabrication, 1986, I-
etching of opaque defects, which results in 987
t ransmissivity, without ano additiotal post-repair
processing.

Thec apparatus used is the STR-1000 FIB photomask Table I i

repair ss.em with assist gas attachments, manu-
factured by Seiko Instrument, Inc. ,5 As the primary i

iGa+ beam strikes the mask surface, secondary Cr and i t 7 E
Si ions are emitted, collected, and mass separated b
a sector magnet, then detected by individual channel-
tros. This detection method provides a very high
signal-to-noise ratio and allows for precise... ..
monitoring of secondary Cr and Si ion intensities
during the etching process to detemine end-point, and"
ensure the complete removal of the Cr layer, without
overetching. Our current etching technique, as it is
referred to later in this work, utilizes only tile
real-time end-point monitoring described previously.
Our chemically assisted technique simply intrnduces a
reactive gas locally into the opaque defect region
during etching. The introduct Ion of the gas coupled
with the real-time end-point monitur software,
reduces the gallium coneentration level b 48-. .s
confirmed by Auger electron sprtotroscopy.

rransmissivi iy was compared tetween the current opaqu
defict repair technique and our chenically assisted
tchnique and the data are shown lit fable 1. The SI.

and IZ listed in the taible represent sodi lime Iand
quarto substrates, respectively. CR and BC represent
( r itd Crox films, respectively. M ik blanks from
tour manufletnrers, (me U.S. and three Japanese, were
ttt d uslIg botb techniques andI transmlssivItv of the
rytp i red irtas w , reas red using a Kon flca PDM-5
mic rodensi tommter. Iilh data show are from l(fX2tum
etched trts. ]bis comparison shows an average

64H
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ANALYTICAL SIMULATION OF FOCUSED ION was removed in five steps in the graphics every removed defect

BEAM APPLICATIONS IN X-RAY MASK REPAIR 'column* corresponds to one redeposition profile at the absorber

edge

H. Burghause, U. Weigmann, M. WeiB
An alternative defect repair strategy can be simulated where the

Ion beam is scanned five times faster over the defect area (see
Fraunhofer-rtifut fur Mikroatrukturtechnrk (IMT) Fig 2). Then five milling steps in the z-direction are necessary

Dillenburger Str. 53, 1000 Berlin 33, Germany tu remove the defect completely. The profile of the redeposited

defect material differs from the redeposition profile of Fig 1 due

to the different milling strategy (all other parameters are kept
In microlithojraphy one application of focused ion beam milling constant). The antinode of the redeposition club in Fig. 2 has

is the repair of opaque defects on masks for optical as well as shifted in the vz-direction. The real situation where the absorber

fos X-ray litho.iaphy. Several spec+;fic problems arie in X-ray height is only 1 gm. Is closer to a redeposition profile indicated

mask repair, which are of no importance in the repair of by dashed line in Fig 2. Therefore. milling strategies where
photomasks because the absorber structures of X-ray masks are defects are removed in layers reduce redeposition.

ten times higher (ca. I em) than of optical masks. The ion

milling result is influenced by trenching effects, ion beam energy, The angular distribution of the sputtered material depends

beam profile (current density), and the applied milling strategy on the energy of the incoming ions /4/. For high energies as
However, the most important problem in X-ray mask repair is the used in X-ray mask repair this distribution is strongly backward

generation of new defects at absorber edges by the redepositfon oriented referred to the incoming ions and yields, therefore,
of sputtered defect material To understand the consequences of smaller redeposition as can be seen in Fig. 3

these interdependent occuring sputter effects, a computer

simulation of the milling process is necessary to evaluate the A comparison with the experiment allows Fig 4 A 1 prm thick

limiting factors of the attainable resolution in X ray mask irpair gold defect on an X-ray mask was removed The tOO keV Ion

and to develop appropriate milling strategies. The ultimate aim of beam was scanned once from left to right over the defect
the simulation is an online software support for the X-ray mask Sputtered gold redeposited at the nearby absorber edge The

repair process rednoiion n'IsO cnnfirms the theoretical model (see Fig 1)

In a first attempt a two dimensional focused ion beam milling

simulation program based on the string algorithm /1/ was /1/ J Lorenz, J. Pelka, H Ryssel, A Sachs S Seidl. M

developed, which takes care of most of the mentioned sputter Svoboda.

effects /2/ Since the numerical method used suffers from an IEEE Trans. Computer Aided Design. Vol CAD-A No 4.

unacceptable long computing time for a complete process Oct f9a5

simulation making the program unsuitable for in situ applications, /2/ K P Muiller. U Weigmann. H Burghause,

a new 2D-simulation program concentrating on redeposition Microelectronic Engineering 5 (1986). 481-489

effects was conceived This program Is based on the analytical /3/ R Smith. S S Makh J M Walls

formation of Smith et al. /3/ It assumes the removal of a Philosophical Magazine A 1983 Vol 47 No 4. 453481
free-standing defect close to an absorber edge and calculates the /4/ J L Vossen. 1979 J Phs iE. 12 159

time dependent evolution of the absorber edge shape according

to the occuring redeposition The needed computing time is in

the range of seconds and, therefore. of interest for an online I2
application 1.s beim scon direclion

The width of the defect to be removed, the defect height, the [ - -.

milling depth per ion beam scan. the ion energy, and the beam -

diameter can be varied Fig I shows a simulated redeposlon . I 3 4

profile at an absorber edge The absorber height of 2 am was -

chosen to illustrate the shape of the redepostion profile The a __ __ _ -_ .a ,? +4 ,G f
width of the Ion beam with an assumed square-wave intensity s
distribution was 100 nm, the beam was scanned once from left

to right over the defect area so that the 0 mm wide defect Fig I Simulated redeposition prohie he Ion beam was
scanned once over the defect area



1.5 beam scan direction

FI 4

21
_25

Fig. 2: Simulation of an alternative repair strategy, the defect is

milled in layers

a 65

fig. T Redepositon profias fo diff ern ion enrgies

Fig 4: SEM-micrograph of redeposited gold at an absorber

edge on an X-ray mask
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2-Dimensional Prorile Simulation of Millin3 condit oT,-- :iuo a s u'. -4hr
Focused Ion Beam Milling of LSI in pa i 1 t4ot. TheII va I J.'

IOWS9 :
Fumikazu Itoh, Akira Shimase, Satoshi bram diii t FM 0.5, 2u-
Haraichi beari urrnt su.i5rn f:-r.

8.0 nA fur 2 -c b a[l

Production Engineering Research Laboratory, scannmn veocity 625um/s
Hitachi, Ltd., Yokohama 244, Japan scanninq pltch 0.019um

sannir i i 0.5 - 8
The focused ion beam is a very effectual Dos per un1t --. ire. was a consta "._i ,

tool for modifying and debugging of microcir- of 2 . 1C/ .,,- : i n -se, whig.
6 

is an i: r
cuits(I-3). Milling depth control is one oi pr'at J I1s T I ii >n, sIU2 to U"7 2' t
the most important techniques when cutting
conductors covered with several layers of Rsu!1s a dISc s Dn
insulation. The milling depth is well known 1i ti m u o I n , -n *l
to be proportional to the injected dose per mi I I ,nhof "arlnus sca!: i : -
unit area. However, this is not true when slnu i Th results ar.
the milling area is close to the beam diame- rome-t w ' , ierlments. zn
ter. This may be because of a beam profile ss h SS t
and redeposition of the sputtered material, depth b10'o
In order to analyze this, we have developed a
milling profile simulator, in consideraton edoscr n at
of both sputtering and redeposition. The the abcv r -ct ,. rfor - 4 -
simulation scheme is based on ESPRIT)4). slmuati: t

lllu - ' t<= tle z s ~ s th ani.t<

Simulation procedure redo 't L-1. o th, A, 'a Is, w1 1.
Coordinate systems.--Fiqure I show- ' coor- a iii i ni- redepost Tt jt

dinate O-xyz for descrihng Lne mllin pro- oc tie cottom, th(er, is *ess .do pos t
file of a mncoluen, and another coordinate OB I -:o 2ui ree=.
xgy5 zg for an ion beam profile. The 2-dimen-

sional milling profile is given by sereal Scannina wilit -i t ! F L 7 s r s ;
points, Pi(xi,zi). The beam profile is as- lli orofisw
sumed to be a Gaussian distribution. The 0.Sur b7,c- cAs', thM . 1 1 na dc t :.-s sOoi
beam is scanned in the y-direct ion with velo- Inwe I t!, scanning w11J,:. ese t.
city v. Then the scanning center is shifted 1u. c):, th o . l -.:
scan to scan by a given pitch. case, Th ns 4;:,

vlds a SI lw i 0 pn. 7h is
Sputter etching model.--Sputtered volume ca so of he s-i bi al" talw

dVs of an element PiPl+ is proportioIal to
the dose dQ injected into the element. ls de th , sc an . rl G - - i i:

dVs=Sr(E))dQ [m
3 
I (114 c e n T is: tnt

were Sr(G) is the sputtered volume ratio as i 4 , the max T1JT -1 ef tn int, rat i
bocoms Ia

function of the incident angles , as shown in to- i r 3
Figure 2. Displacement of each element dhis for,, ' a , f'! t C1e . ,

is assumed to be normal to the surface. depth is th prfi I A n. t I .-
dhs=dVs/(dl- 1) [m] (2) tlion .s a a fi fol t

where dl is a length of the element Pipisl, decrement.

and the thickness of the element in the y-
direction is assumed to be unity. conA C

t
u;1

Redeposition model.--We have assumed that Into consid ra ini sedopoitIon. ,

the direction of sputtered particles has a develoe. The resu I of th, s 7 T1a t i
cosine distribution. Figure 3 shows that a in agreement with our exporLonts. it
redeposited volume dVr onto an element PjPj+1 been demonstrated that when the cea
from the element PiPil .tw portion Width is less than 4,' of the Giu',.i

profile, the depth becomes sihallower, t,:1:c1
of the sputtered volume dVs from the element rily due to the dose dfcl . Rei00os I
Pipitl. Lion is tot a maor factor l fa thso ma] ,:-+

dVr=(F()-F(a)).dVs (m
3
) (3) depti, but it has a notable effect on bot-

where F(a) is a volume of a portion of the area decrement.
sputtered direction distribution sphere which
is between the x-axis and a plane of angle a. Acknowledqmmnt
Displacement of each element dhr is assumed The authors wish to thank )-. T. I
to be normal to the surface, for Ius discussion on I mIill ti, anI M!

dhr= (dVr)/(dl l1) [m) (4) Yamamolo for his contr-liutl on en th, s- i:- i
Total displacement dh of each element is: tion scheme herein presented.

dh=dhs-dhr Iml (5)
REFE RENCES

Simulation flow.--The displacement dh of 1. L.R.lHarriott ot al .,.1.Vo.Soi.To-hnolb4
all the elements is calculated in each beam (1),181(1986).
scanning. This is performed until the necs- 2. J.Melngailim t al., ibid., 134)4, 1 1 ,1
sary frames are completed. 86).

3. D.C.Shaver et al., ibid.,R4(1 ,S' . *

4. S.Yamamoto rt a I., I FAI Trans., 'A I
4171987).



Focused ion beam current density distribution Expriment
SX. Scanning direction

Gaussian diStributon (scanning velocity .L 6

Scanning shtft directon Em 5

Po ( . Zsol

4 s4

P i~.,Z5l0.1 1 2 4 6 8

-Fi~ur C 1 Coordinate _svstems Scann n g w idth (un
Figure 5 Relation between scanning width and milling depth

Ion beam Sa -p 
2

"

* 
B

, 
3

Incident anle B de.] .__

101 CO5om Semn (bi 0?m beam

Figure 2 Sputinter sytme Scaning _idth __

Figure 6 Milong hole profile by simulation

Ion beam

Sncndeid angle 05 dT 2I
Sputtered dieco dis t lolutmen sre t

aJ

F g u r e 2 S ut t e m d f el F ig u r e 6 M i a nin g w d t h p r o il b i m lat d i o s e

Beam

P, Zs diameter
0 FP)81- PClF) '{*

Pi IFigure 7 Results of simulation esritreosre

x5 Redeposited vlm y

Figure 3 Redeposition model 1-0 2 am rom

Scanning -sdh<40'

Z

Figure 4 Scan and frame Figure 8 Scanning width and integrated dose



Abstr-ct No. 444

Focused Ion Beam SIMS for Micromachining Applications

L. R. Harriott

M. J. Vasile

AT&T Bell Laboratories

Murray Hill. New Jersey 07974

Liquid metal ion sources which provide very highly
focused (5,000 to 500A dia.) high current density
(1.0 to 0.5 A/ane) ion beams have offered the pros-
pect of extending the technique of secondary ion mass
spectrometry well into the sub-micron lateral resolu-
tion range. This tantalizing prospect has been cited
numerous times, but only a few successful instruments
have been reported. Levi-Setti and coworkers have
published a detailed and thorough review of their
recent work which describes their focused ion beam
(liquid metal) SIMS, in which the emphasis is on the
general utility of high resolution scanning ion
microscropy.

1  
Kingham, et al have shown some ex-

amples of ion images obtained with a liquid metal ion
source SIMS, but give only a cursory account of the
instrument and operating techniques.

2

Our intention is to use SIMS as an adjunct, in-situ
diagnostic tool for micromachining applications which
utllize a liquid Ga ion source. The primary applica-
tions are for end-point detection when sputtering
through thin films with micron sized rastered areas,
and for element mapping by mass selected ion images
taken on raster fields from one millimeter to lOm.

The approach we have taken is quite pragmatic: The
detection of secondary ions must be done without
compromising any of the functions or operating param-
eters of the focused ion beam processes. Signals
must be adequate to record mass spectra or mass-
selected ion images within a matter of one or two
minutes. Ion extraction to the SIMS for mass spec-
tral,:analysis must not interfere with the normal
total secondary ion imaging, and a minimum number of
variables (one or two) for SIMS signal optimization
is essential for convenient operation.

End-point detecton of Cr micromachining on photomasks
was done with raster sizes ranging from 10pm x lOsm
to 3im x 3mm. The chromium oxide enhanced 52 Cr+

signal at the Cr/glass interface was used as the end-
point indicator. Verification of this effect was
obtained by XPS profiling through the Cr film. SIMS
end-points, total ion images, and transmitted light
measurements show that the ion-milling can be con-
trolled to stop prior to, or after, the Cr/glass
interface. Measurements on a common sample show that
the absolute sensitivity of the FIB/SIMS is equiva-
lent to that of a commercially-made SIMS which uses 3
KeV 01 primary Ions (3 x 104 cps 

52
Cr+/nA primary ion,

10mm raster). Mass selected secondary Ion images
have been obtained for high yield ions such as S2Cr

+

and 27Al+ on raster fields of 25xm In time intervals
ranging from 20 to 100 sec. Al SIMS images of lum
lines and spaces from a VLSI test pattern have been
obtained.

References

1. R. Levi-Setti, Y. L. Wang and G. Crow, Appl.
Surf. Sci., 26 (1986) 249.

2. 0. R. Kinghm, P. Vohralik, D. Fathers, A. R.
Waugh and A. R. Bayley "Applied Materials Character-
ization', Mater. Res. Soc. S)mp. Proc.. Vol. 48
(1985), W. Katz and P. Williams Eds., p. 319.
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FIB Direct Write Lithography posure. This is attractive to eliminate
wet development step from lithography process

Kenji Gario and Susumu Namba and thus, to reduces a possibility of con-
tamination and realize process simplifica-

Faculty of Engineering Science tion. Moreover, this enables one to develop

Osaka University resist thicker than the ion range. There-

Toyonaka, Osaka 560, Japan fore, we may use very low energy focused ion
beams and reduce damage in the substrate.

1. Introduction This is very attractive because damages in-
Focused ion beam is attractive for duced in the underlying substrate are very

various direct maskless processing inclading severe problems to make use of extremely high
resist exposure and direct etching. Several resolution of ion beam lithography.
techniques to delineate resist patterns by It was observed that nitrocellulose and
FIB have been investigated. These are con- PMMA shows a relative Y7igh self-development
ventional ion beam exposure and wet rate for FIB exposure . A 4

0
0-500nm thick

developmen
t ~) , in-situ development by FIB resi? layer cap,5 be 1 emoved at a dose of and

bombardment in vacuum or in reactive gas ix10 and 3xi0 1cm , for nitrocellulose and
ambient, and doping or modification technique PMMA, respectively. The sensitivity depends
by Ga implantations) . In the present paper, on the ion mass and is higher for light ion
the current-state-of-art of FIB direct write which has a dominant electronic stopping
lithography will be presented. power over nuclear stopping power. This may

be because for electronic collision, side-
2. Ion Beam Lithopgraphy chain scission and evaporation of volatile

Ion beam luthography(IBL) is new poten- fragment is dominant process, while for
tial means to delineate patterns with deep nuclear collision, carbonization is dominant.
submicron or smaller dimensions. Currently Because of this carbonization at the surface,
ion beam lithography is being studied for ap- heavy ion bombardment shows low self-
plications to high resolution lithography, development rate. For PMMA, it was observed
The high resolution of IBL can be inferred that the surface becomes carbonized by heavy
from the small forward- and back-scattering ion mbarment at a dose higher rhan
of the incident ions and the small range of i0 /cm and self-development rate
secondary electrons. Theoretically, this has decreases to 1/7 of that for fresh PMA.
been shot clearly by s Monte Carlo Carbonized layer is removed by bombag[
simulation . The negligible proximity ef- ing FIB in reactive gas ambient like XeF2 

"

fect enables one to eliminate data processing The chemical reaction between the resist ani
step for proximity effect correction. PMMA is enhanced by both nuclear anJ
Nanometer pattern delineation and negligible electronic collision, and consequently, heavy
proximity effey was demonstrated by using Be ions which have larger total energy depos-
FIB exposure '. lion rate shows higher removal rate. This

IBL provides a very high speed exposure ion beam assisted etching has been applied tc
technique. This is due to a large energy direct paterning of various mater.als includ-
deposition rate of ion beams to resist ing Si and GaAs.
materials. The dosyi req:.i5 ed to expose
resist is 101 to 10' ions/cm , a value of 4. Defects
which depends on impinging ion mass and is 2 For silicon, it is reported that proton
to 3 orders of magnitude smaller than a value irradiation to MOS devices at a beam energy
required to electron beam exposure. The of 45 to 150 keV and at a dose of ix to
resist exposure mechanism may be simi lr to 10xl 3/cm2 induces no difference in VT and
electron beam exposure. For PMMA, it was gm between irradiated and unirradiated
reported that the g-value (the number of samples after annealinq at 450

0
C. For GaAs

chemical events occured per 100eV of and InP, ion irradiations induce dee? co'-
deposited energy) for electronic collision is peuatig center at a dose between 10 and
the same between ion and electron beam 10 /cm but these centers are eliminated h.,
exposures

6 ) 
and for nuclear collision, the g- thermal annealing. Irradiation and annealina

value is almost half of se-cronic collision, effects on device characteristics should be
A dose of iry~ 1cm , for example, cor- investigated in more details. However, it

responds to only 10 ions on average impingiqq can be expected that damage effect may be
in a pixel with an area of say, lOxtO nm . small because the dose required for exposu,
At this small number, statistical fluctua- is low compared to a dose required for io:c
tions in the number of impinging ions becomes implantation. It is also possible to avoid
signrficant, and there is significant prob- penetration of ions into the substrate by
ability of under- or over-exposare in the selecting proper beam energy.
pixel. A simple calculation indicats that
kor a2 resist wfh a s~nsitivity of txl- References

C/cm- V(t.3xtO -ions/cm ), eq, PMMA, there 1) Y. Ochiai et alt: J. Vac. Sci. Thechnol.(to ti,
is already a siqnificant prohabi I i ry of published).
rteeivin 601 of fluctuation in t0 nm square 2) Y. Yasuoka et al: Microelectronic Fbo. 51 1 )qt
pixel1  an for high sensitlv, resist with 3) II. Kwano et al: Jpn. J. Appl. Phys. 19 1
3xIx- cm , it seems rather impossible to AtS.
del I neat, 10 nm sized pat tern. Therefore, 4) 1. ar,ipi-erls et al: J. Vac. Sci-. Technol. 19
both stat ist Ica fluctuat ion and Ion scatter- (1981) 1259.
inq limit t h JI alt imati' resolut ion. 5) T. Shiokawac t al: Jpn. J. Appl. Phys. 23 (14841

3. Self-Development and Ion Beam Assisted 61 M. Komuro et alt: J. Electr,-Orm. Iic. 126 (1irp
Process 481.
Self '', ioim'nt of res ist ha"s be.n 11- 7) H. lUl Muzu et al: J. Vac. Soi. T-chnol.

S,-itlmit'- 15' . I ,'toroi, 'In andI ,sr x' i - (tO l' t pblishcd).

tic:
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becomes obscure because of the irradiation of the isotopes for

REGISTRATION ACCURACY IN FOCUSED-ION- Si''. Si is made tip of "Si.'Si.'" Si with an atootic content
BEAM LITHOGRAPHY FOR THE FABRICATION of about 92".5"; and :i , respectively. The isotopes cannot be

completelv separated by F • 1 mass filter, because the mass
OF GaAs FET WITH A MUSHROOM GATE resolution of the filters is I 20. Although this FIB system is

designed to adjust all the unseparated isotopes at the target.
T. Kato, K. Hosono. H. Moriooto, Y. Sasaki, and there rettains some residual displacement of the beams due to
Y. Watakabe the beam misalignment and so on.

4. Conclusion

ISI R&) Laboratory. Nitsubishi Electric Corporation The registration and overlay accuracy in FIB lithogra phv for
4-1 Mizuhara, Itani, 664 Japan (;aAs devices has beet itvestigated. A window mark formted hi

lift-off of At-(;e is used for registration. Ii he regist ration. if
the mark edge is in good conlition. the positioning error (x) is

1. Introduction less than t.t 1)pu . and the repeatabilities are f.I t ni for Be- -
atnd ft. 1

3

1tttt for St"j'

Utilizing advantages of focused ion beam (FIll) technology,

high resolution and a capahility of obtaining T-shaped resist
structure,' a toushroomn gate with narrow gate length and low REFERENCES
gate resistance for (;aAs microwave BiE.MT has been fabricated. iIorirtoto. Ifvoda. T.ato, V.Snsaki, ESaitoft asd
Hybrid lithography of different ion species, Si and fBe emitted i.Kato J. Var Sri. Tech,ol. ff4, 205 (1986).
front A-Si-fle liquid-metal ion source. is used to determine the
T-shaped resist structure. This device shows excellent noise 2 K. Nagaftania. NI. Nakanishi. Y. Sasaki, K. losono. 11. ',Io-
characteristics, minimum noise figure of 0.68dB and 0.83di rinioto, T. Katoh, if. Ilirano T. T.urotani, A. Kawagishi.
at 12G(z and IGlIz, respectively.

2 
In this paper. the regis- Ilectr. Lett. 21(.l), 212 (t 98R).

tration technology including the mark structure and the mark 31 R.Aihara, II.Savaragi II.Morittoto. K.ilosono, Y.Sasaki.
detection, which influences the overlay accuracy in the device T.Kato antI N .1.Shearer, .. Var. Sci. Technol. B6f().
fabrication, will be presented. In this hybrid process, registra- 245 11998).
tion accuracy of both Si and Ile beams should be taken into
consideration.

2 Experimetits

The focused-ion-beam equipment is J.IBL-2f(fS, a computer-
controlled system with a lager interferotnetric stage.' The reg-
istration tark is Au-(,e pattern with a cross-shape window ot
(;gaAs substrate, which is simultaneously formed at the fabri-
cation of source anti drain electrodes. The resist on the mark
is removed prior to the Fill exposure. The length and width as
of the mark are 50ptn and 

6
pou, respectively. 260keV Si'

and 192keV Be'' with a beam current of tOpA and approx- n
;mate bean diameter of f. Ipm for both beams are evaluated.
in registration, a scan step is 0.02prn and a scan clock is 100..
kliz. The registration signal is an output of annular type ti-
crochannelhtlate, which detects secondary electrons from the
mark irradiated by Si or Be ion teatts.

3. Results anti discussions

Figure I shows a detection prohattil ' itv, which is defined as
a frequency rate of sticcessful detet tions for a square of mark Ali lti

t 
p

detection tolerance (,Ap
2
) in IMf detection scans. The mtark Fig.l Ietetttin prtafilil tot r a.nd si" iui fuan

detection tolerance is defined as an allowance of scattering in
measured edge location.,, anti the defctetd data beyond this
allowance is omitted by software. This parameter is set to the
detection system prior to the registration. Accordig to the
figure, the plot of Si' ' is shifted to right in comparison with
that of Ile' ' by 3 -- 4 times, that is, about 2 times in the
mark detection tolerance. This corresponds to the fact that the
S N of the registration ignal of Si'" is atout 2 times higher
than that of Be' ' . It is found that the mark locations are all I 1'i "
detected sucessfully at the Ap -- 0.03ium (Ap' - 0.00!) for
Si ' and the Ap -- O.0.5p n (Ap" - t.t)25) for lie ' * f

Figure 2 shows the ueaniured overlay accuracy for IMt mea- -
suremerts The value of x represerts a deviation from the cen-
ter position between source and drain electrodes. The nottier
of scan for one scan position was set up to 2 in order to minimize a
the irradiation damage of the ttarks. The IO-timmes averaging ,
with a raster step of 0 lptr was performed. ," J

As for the positioning errttr (x). f.04pm for lie'' and. I

,t.pn for Si ' were tttaite. 'onsiderin the positioning .,
error of 0.1pit or less in beatn calibration, it is proper con-
I ttde that the present limit tf calibration accuracy is reflected

in these results. Besides, the overlay repeatabilities (3o) for C
lie ' anti Si ' were almost thie same values , that is, 0.11 tt
and (O1rf3pn respectively, x (ttl)

The distribttiuutt of the overlay arcuram y for Si'' , however,
srcns a little sptread rather than that f,- lie ' ' . It is considered Fig 2 ufea.ured -erlao a, o-,
it l attribeuted to the fact that ti d'is tloped resist patterus
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FOCUSED ION REAM LITHOGRAPHY changes to a negative region at over a 4X101 ionscm
2

USING NOVOLAK BASE) RESIST dose. On the other hand, the positive region for Si ions is
from a 1.4X 1011 to a 2.3X 10' ions/cm

2 
dose and changes

Shinji Matsui, Yoshikatsu Kojima, and Yukinori Ochiai to negative region at over a 2.3 X 1012 ions/cm
2 

dose. The 7-
values were calculated from the sensitivity curves, as

Fundamental Research Laboratories, NEC Corporation, shown in Fig. 1. The 2" values for Si and Be ions as a
Miyazaki, Kawasaki 213, Japan positive resist are 1.12 and 0.98, respectively. On tne other

hand, the 1' values for Si and Be ions as a negative resist
INTRO)UCTION are 2.64 and 2.84, respectively. The - values as a negative

Recently, there has been increasing interest in resist for both Si and Be ions are about twice those for a
focused ion beam (FIB) use for microcircuit fabrication, positive resist. This result indicates that MP2400 resist is
This can be utilized for maskless ion implantation"

'
, useful as a negative resist in FIB lithography.

maskless ion etching
2

', and high resolution lithographic Figure 2 shows development characteristics
processes

,  
. Ion beam lithography is a new potential (normalized thickness vs. development time) for MP2400

means fur producing electronic devices with submicron resist after 260keV Be' ' FIB exposure. The positive and
dimensions. Electron beam lithography is commonly negative patterns can be fabricated at 3X101

2 
and 2X 101

3

applied for the delineation of patterns with submicron ions/cm2 doses, respectively, as shown in Fig. 1. The
dimensions. However, it involves several problems, such MP2400 resist is etched without ion exposure, merely by
as low resist sensitivity, backscattering and proximity soaking in the developer. Development characteristics
effects, for submicron lithography. On the other hand, ion were measured for unexposed, 8)10" and 2X1013
beam lithography is a new technique which overcomes the ions/cm

2 
doses, as si/own in Fig. 2. A positive resist

above-mentioned problems. First, as a general rule, resists pattern with 65% residual thickness can be fabricated at
are more sensitive to ions than to electrons. Depending on 120 second development time. The residual thicknesses for
the mass of the exposing ions, resist exposure sensitivity unexposed and 2X 10' ions/cm

2 
doses at 300 second

for ion beam lithography is two or more orders of development time are 0 and 100%, respectively. Therefore,
magnitude higher than that for electron beam lithography, a negative resist pattern with 100% residual thickness can
Second, ion beam lithography has an advantage in be fabricated at more than 300 second development time.
submicron device microfabrication, because of negligible These results indicate that both positive and negative
ion scattering in the resist and low backscattering from the resist patterns can be obtained by choosing appropriate ion
substrate. In contrast to electrons, ions produce only low- doses.
energy secondary electrons, andproduce no high-energy Figure 3 shows a cross section view for the MP2400
backscattered electrons. There rore, the structures are positive resist pattern, which was fabricated by 260keV
defined by the primary ion beam, and are limited only by Be-' FIB at 4.0<102 ionscm

2 
dose. The linewidth and

ion straggling, which extends laterally to a much smaller resist thickness are 0.4 and 0.35pm, respectively. The
distance than the range of scattered electrons in electron pattern has slanting sidewalls. It is considered that the
beam lithography. This results in the possibility of sidewall inclination angles can be improved by choosing
exposing structures with submicron dimensions without other development conditions.
backscattering and proximity effects. Up to now, the high Figure 4 shows a cross section view of MP2400
resolution and high sensitivity of FIB lithography have negative resist pattern, which was fabricated by 260keV
been demunstraled. PMMA resist has been applied as a Be' * FIB at 3.0X 10'

a 
ionscm

2 
dose. The pattern was

po itive resist for those experiments. PMMA has high achieved by soaking for 300 second in developer after ion
resolution, less than lom, but low resistance for dry beam exposure. The linewidth and resist thickness are 0.3
etching processes. On the other hand, novolak based resist and 0.51im, respectively. The pattern has vertical
has very high resistance to dry etching and serves as a sidewalls. The negative resist pattern demonstrates that
good etch mask for such processes as plasma etching and the image reversal method developed here is very useful
reactive ion beam etching. Novolak based resist is applied for device processes, such as a submicron gate pattern
as a representative positive resist for optical and electron formation.
beam lithography in device processes. FIB lithography
using novolak based resist has not been reported. In this CONCLUSION
paper, FIB exposure characteristics using novolak based FIB lithography using novolak based resist has been
resist are described. investigated. The resist sensitivity and development

characteristics were measured. As a result, it became
EXPERI M ENTAl. clear that both posil' e and negative resist patterns can be

All FIB exposures were jsrried out with JIBL-150 achieved by choosing appropriate ion doses. The positive
FIIB system. The accelerating voltage used was 130kV. In resist pattern with 0.4 pm linewidth could be fabric/ted by
this experiment, MP2400 resist (Shipley Far East LTD.) 260 keV Be'' FIB at 4.0X 102 ions/cm dose. Moreover,
was used as novulak based resist. A 0.5pm MP2400 resist the negative resist pattern with 0.3 pm linewidtii could be
was spin-coated on Si substrate. Prebaking was carried achieved by 260 keV Be'* FIB at 3.0 X 10"3 ions/cm

2 
dose.

OUt in a nitrogen atmosphere at 100/C for 30 minutes. The negative resist patterns with vertical sidewalls
After ion-beam exposure, the MP2400 resist coated wafers demonstrated that the image reversal method, developed
were develped by dipping in MP2400 developer and 1120 here, is very useful for device processes, such as a
i a 1:3.5 ratio. Then, they were rinsed in HZO. The submicron gate formation.
etched depth ard residual thickness after development
were measured by u-step. REFERENCES

1. R.R. Htart, CL. Anderson, H.L. Dunlop, R.L. Seliger,
I ES L.TS AN1) 1I)1SCUSS1ON and V. Wang, Appl. Phys. Lett. 35,865 (1979).

The MP2400 resist s,'isitivity for 130kV FIB 2. R.L. Seliger, R.L. Kubena. R.D. Olney, d.W. Ward,
exp,,sure was measured. Figure I shows MP2400 resist and V. Wang..V'ac. Sci.'rechnol. 16, 1610 (1979/,
sensitivity curves fr 260k,V Si' ' and lie ' ' ions. The 3. RI.L. Seliger, RI.. Kuicna, R.D. Olney. J.W. Ward.

1l'12400 resist sensitivity depends on the i//n species. The and V. Wang, J. Var. Sci. Technol. 16, 16101 1979/.
,,insitivity f,r Si is is higher than that fir Be ions. 'his 4. S. Matsui. K. lori, K. Saigo. T. Shiokawa. K.
can readily be understood in terms 4" energy depisitei per Tovoda, and S. Namba, . Vac. Sci. Technol. 134. 846
linit V,/ILi/iC. Morei,ver, the sensitivity curves indicate (198).
th as( region for a pi,,itiv, resist is narrow, compared 5. S. Matsui. K. Mori, T. Shiokawa, K. Toyoda, and S.
with ,ther i,-sists., uch as MM A The 1ipsitivc regiin fir Nathba,J. Vac. Sci. Tecinol.,5.853 (1997/.
i,, i,, is frum a 2.3 X 1 0'' t,,:, 4 0 I l , , ionsacm dose and
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FIB Direct Ion Implantation Technology In this system, such important implantation
and Its Applications for III-V Compound parameters as dopant species (Si,Be and B),
Semiconductors. FIB energies (40-200keV) and beam diameters

(0.1-1.Opm) are rapidly and precisely
Eizo Miyauchi and Hiroshi Arimoto controlled so that p, n and isolation type

ion species with given energies can be
Fujitsu Laboratories Ltd. arbitrarily switched just during device

10-1 Morinosato-Wakamiya, Atsugi, Kanagawa processing as if it was a single beam
implantation. This FIB implanter is operated
in UHV, too.

We review the recent 
developements in

FIB (Focused Ion Beam) direct implantation 2. Characteristics of the FIB Implanted GaAs
technology. In a typical FIB implanter,
dopant ion species are emitted from a field- Doping profiles with FIB implantation
ionization-type liquid metal (sometimes have been experimentally estimated and found
alloyed) ion sources, and are mass-separated predictable by simple calculation assuming
and focused down to the semiconductor that FIBs have Gaussian intensity
substrate. The submicron diameter FIBS formed distributions and that implanted profiles
on the semiconductor are implanted by both in lateral and depth directions are also
scanning over the assigned area through Gaussians.
computer commands. This new technology has FIBS uually have a current delsity o
several important advantages as follows, up to lA/cm . This corresponds to 10 to 10

times as much as those of conventional broad
(1) Formation of submicron-size doping ion beams. Despite such high current density

structures without using masks (only implantation, measured electron mobilities
through computer software), and PL intensities of focused Be and Si

(2) An alloyed liquid metal ion source implanted and annealed GaAs are almost the
offers ion species for p, n and isolation same as those of conventional ion
type dopants which can be switched implantation.
rapidly by computor control during device
processing. 3. Application to Device Structures

(3) Doping profiles can be easily controlled
both in lateral and depth directions. Due to the maskless process capability,

(4) The maskless process is compatible with it can be applied to various novel structures
UHV, which leads to in-situ all vacuum for future devices. Since this is compatible
processing. with UHV crystal growth systems such as MBE,

With these advantages, this technology a combination processings are expected to
can become powerful tools for maskless planer-

grow up to ideal CAD/CAM processes to open structure fabrication.
a new world for IC fabrication technology.
These advantages are considered to be more Among typical applications demonstrated
useful for III-V compound semiconductors so far are:
rather than for Si. The former provides not (1)Basic structures fabrication of three-
only electrical and optical devices but also dimensional impurity doping such as
new quantum-effect devices. These variety of lateral and depth dimension controls,
devices can be integrated monolithically on multilayer doping structures, self-
the same substrate by the FIB-based maskless aligned polycrystal growth layer and MQW
process, and the new type of ICs will gratings.
contribute to future sophisticated (2)Optical and electrical devies havinginformation processing systems. More than unique structures which can not be

that, the clean process accompanied by the fabricated other than by using the FIB
maskless process is indispensable to the III- technology such as planer structured MQW
V compounds. Ion sources suitable for the lasers, photo-diodes, and quantum wires.
III-V compounds are found to be quite stable
and reliable. It is also found that the 4. Concluding Remarks
electrical and optical properties of the FIB
implanted crystals are almost the same as FIB direct implantation technology is
those with conventional broad ion beam promissing for the device fabrication
implantation. Until recently, these processes where very fine (nano-meter)
advantages have been proved to some extent, structures or planer/three-dimensional
although still in the preliminary experiment structures are required. Versatility and
stage. Some of the recent developments on cleaness of this technology will develop to
this technology are shown as follows, a one hundred percent CAD/CAM process (only-

through-software processing) in corporation1. FIB Direct Implanter with other compatible dry processes such as

MBE, ion beam etching, and maskless
Presently, the general piirpose FIP metallization.

equipment is commercially available with an However, the fine-beam process
accelerating voltage of up to 200kV and with inevitably faces low throughput problem. The
stable LM ion sources. The minimum beam size present FIB implanter t-chnology has to be
is 0.1 pm. improved in terms o! ion source, optical lens

To make the most of the potential and deflection columns for large beam current
advantages of the FIB implantation, and variable beam shapes.
a 100kV FIB implanter with a sophisticated
computor-control system has been developed.
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GaAs Quantum Wire Transistors Fabricated by Focused Ion Beam Figure 4 shows the calculated Si profile implanted in p-type GaAs under
Implantation the present experimental conhuon. From this simulation it was found that the

cross-sectional area of the n-type wre is only 0.3pmx.4Pam even at zero bNav
Takahide Odagiri, Toshiro Hiramoto. Kazuhiko Hirakaua, and Toshiahi and the peak concentration is more than 101

8
cm

"3
. Since S; in is much

Ikoma heavier and has a smaller diffusion coefficient than Be, a, n-type wire can be
much narrower than a p-type wre.

Institute of Industrial Science, University of Tokyo.
7-22.1 Roppongi. Minato-ku, Tokyo 106, Japan *n niaOnni

0n i0"-i0'| r _

PURPOSE 
0

In very narrow semiconductor wires with w idth coriparable to thte electron 0

de Broglie length, electron transport properties are affected by quantum sice -
effects and quantum interference effects. In an ideal-I D wire enhanced quantum - i: 0 -r .. " -

effects are expected to appear as compared with in 3D or 2D structure, ;ninos
study both p and n type GaAs quantum wire transistors were torcated b "-tue.
focused ion beam (FIB) implantation in order to nesm-:c carrier transport
properties in the I-D wires and to esplore a possihil iny to rct c
complvmentary devices.

Figure 5 shows the I-V characteristics of the n-type GaAs-wire transistor.
S FMiPLE PREPARATION The transconductance (gm) was about 2.lnl0-

5
S. In this GaAs wire PET, the

Figure I shows s l Fiauc vie s of thionswe ilquantum n restructure depletion layer expands cylindrically i.e. in two dimensions, and hence
fabicated in this .;tudy. First. focused Be

+ 
tons w.'ere implanted into sem- improvcment in gm is expected as compared with a planar PET in which the

insulatiwn CaAs at 100keV with a dose of 6x0
12

cm
"2

. Then the focused Si4 deplcuon layer expands in one drection.
ion bcam with 0.1 pot diameter was line-implanted across the Be-implanted area h is interesting to compare transconductance ofa wire PET with that of the
at 80keV with a line-dose of 9xl0

8
cm

"1 
. Rapid thermal annealing (RTA) was planar PET. An equivalent gm of the wire PET having a 1mm channel width is

performed to activate implanted ions at 1000°C for 1 s. Consequently, an n- 26mS/mm. Considering that the channel length of the present PET is 11lm.
GaAs wire was formed in the p-GaAs region. This process is the same as the this value of gm is equivalently the same as that of a conventional PET.
one applied to fabricate the pn-junction quantum wote.

1) 
P-type wire structures Theoretically toanseondoctanee of a wire-PET should he about times higher

were also fahricated hy similar procedure hut, the wafers were n-GaAs than that of a planer PET. With the more optimized design. transconductance
(n=3xl0

1 5
cm

"3
) and a focused Be

2 + 
beam was line-implanted at 200keV n-ith will be improved.

dose varying from 2xl
0
8cm

" 1 
to 8xl09cm-

1. 
Some of the wre structures were

cleaved for observation of the implanted ion profiles. The calculated profiles are
compared with the observed ones. The measured conductance of the wire
decreased with increasing the reverse-bias voltage across the pn-junction,
indicating that this structure acs as ajuncton FET, nae voltqe

S .cv

-- c3v

RESULTS
Figure 2 shows a scanning electron micrograph of t!,a cleaved surface which -4V

was etched with an HIF solution, The white curved lines under the surface
corresponds to the pn boundaries. Figure 3 shows a calculated ion profile of t- -5-
p-GaA wire. Gausii 6iu; ution of ions in a focused beam. the LSS theory
and a simple diffusion equation are assumed to calculate this profile In this norizrueat 0.Sv/div

case the calculations fairly agree with the experiments. The implanted Be ion vert:ca epa/div

was spread in a larger volume as shown theoreticall and erperimcntally. no.9 tin-- -' enanuen,-ns Un ot te
u.tciu~l iseheam diameter wasahuui0.1tpm n L- Len-s cc raio 0.1

CONCLUSION
We have successfully fabricated n- and p-type GaAs quantum wire

transistors by focused ion beam implantation. It is found both theoretically and
experimentally that an n-type GaAs wire can be much narrower than a p-type
one because of heavy mass and a small diffusion coefficient of Si ion.~ Improvement of transconductance is expected in such n-type GaAs wire

. , , V Itransistors an compared with normal GaAs MESPETs.

Refence
1)THiramoln. K.Hirakawa. and T.Ikoma, in Japan - USA Seminar on Focused
Ion Beam Technology and Application. Osaka and Mi. November. 1987. J. of
Vac. Sci. Technol. B5. (in press)
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"Formation of PdsSi by Direct Implantation The definitive study to characterize the presence of Pd2Si

of a Focused Beam of Pd+ Ions in Si" was done using transmission electron microscopy (TEM). A sam
ple of the implanted region was prepared by mechanical grind-
ing and ion milling to perforation suitable for TEM analysis.
The implanted sample exhibited a tri-layer structure, amor-

S. Balakrishnan, J.C. Corelli, and S.P. Murarka phous below the surface exposed to beam, followed by a region
of amorphous Si containing small crystalline precipitates then

Center for Integrated Electronics crystalline Si. The microstructure of the crystallites (5 nm in

Rensselaer Polytechnic Institute size) observed by TEM yielded an interplanar spacing of 0.23
nm. After annealing at 3.50 'C for 30 min. The crystallites

T--,!, N ,w York 12180 grew in size to 10 nm while maintaining the same 0.23 nm inter-
and planar spacing. Microdiffraction on a single crystallite yielded

a diffraction pattern that was indexed as being due to (il00)
E. Hall and N. Lewis Pd2Si. Annealing to 500'C caused the crystallite precipitates

to grow to 100 nm size and the interplanar spacings of 0.23 mn
General Electric Corporate Research and Development Center were again observed. This spacing is consistent with a Pd 5 Si

Schenectady, New York 12301 structure. The 0.23 nm interplanar spacing corresponds to the
1121) and (1211) planes in the PdsSi structure and are identi-
ed with the most intense lines observed in the x-ray diffraction

pattern. The growth in crystallite size with anneal temperature

The increase complexity of silicon based devices used in very results were analyzed and yielded an activation energy of 0.4 to

large scale integrated (VLSI) circuits in recent years has given 0.5 eV. This energy is about a factor 3 lower than the 1.5 eV

rise to new methods to produce electrical contacts. Specifically, activation energy obtained by others for thermally formed Pd2 Si

the use of a variety of metals e.g., W, Co, Pt, Ti, and Pd; to in which a deposited Pd film is annealed (300-5000C) to form

form silicides have found new applications in gate metallization the silicide.

and interconnects. The silicides must have good electrical con-
ductivity, resist oxidation and be stable at temperatures in the We conclude that the presence of Pd in the directly im-
400 - 6000C range. In addition, it is important and advantageous planted region by RBS and electron microbeam analysis together
to be able to fabricate the silicides at low temperature and by with the transmission electron microscopy studies which showed
direct maskless patterning, the presence of microcrystals of Pd2 Si with the well known in-

terplanar (1121) and (1211) spacing of 0.23 urn, indicated con-

In this paper we present the first results on the use of a cbiSiVely the formation of PdsSi by FIB. The formation of the

focused beam of palladium ions to directly implant a pattern of silicidermicrocrystals was observed to occur at 3000C. We explain
palladium into a silicon wafer. Our experiment was designed to the low temperature of formation and low activation energy 0.4
achieve the objective of fabricating samples of implanted areas - 0.5 eV as arising from the presence of large numbers of va-
of silicon which were direct!y implanted by Pd+ ions without the cancies produced by Pd ions in which their energy is utilized
use of masks. to make the reaction occur between Pd and silicon atoms. It

is interesting to note that none or very little dislocation defect

A PdB liquid metal ion source was used in a focused ion content was observed by TEM.

beam (FIB) implantation system. The FIB system was operated
so as to accelerate Pd

+ 
ions to 75 keV and was equipped with an

EXB mass separator to filter out unwanted boron ions from the
beam. The Pd

+ 
ion beam was scanned electrostatically to ob-

tain a series of implanted areas 0.4x0.4(mm). The silicon wafers
used in our study were Sb doped with (100) orientation. The im-
planted dose was 1.7xlOs Pd/cm

2
, and the sample temperature

during implantation was 700C. The analytical methods used to
determine the presence of palladium and formation of palladium
silicide in the implanted regions included electron beam micro-
probe, x-ray diffraction. Rutherford backscattering (RBS), and
transmission electron microscopy (TEM). The x-ray diffraction
studies were done using the Cornell High Energy Synchrotron
Source (CHESS). Annealing experiments on the implanted sam-

ples were performed in a nitrogen ambient at temperatures in
the 250GC to 5000C range to observe temperatures at which pal-
ladium silicides were formed.

After implantation electron nricroprobe analysis confirmed
the presence of Pd in the sample areas exposed to the ion beam.
The x-ray diffraction studies indicated the presence of a broad
peak in the diffraction spectrum corresponding to interplanar
spacings of 0.227 nm to 0.236 nm. From the x-ray spectrum
one could not distinguish between the silicides Pd2 Si, Pd3Si and
Pd4Si as well as Pd metal since they all have strong diffrac-
tion maximum and interplanar spacings in the 0.227 to 0.236
nm range. We carried out a micro-Rutherford backscattering
(RBS) study on the unannealed sample, using 3 MeV le+ with
a beam diameter of 5 Nm. The sample was subjected to consec-
utive anneals of 1750C, 250o, and 300

0
C, with the sample held

at each of these temperatures for a period of 30 mins. Although
confirming the presence of Pd in the sample the RBS measure-
ments did not have sufficient sensilivity to give definitive piroi
for the presence of Pd2Si in the implanted reeion.
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MAXIMIZATION OF CURRENT DENSITIES IN FOCUSED ing distances were 10 mm and 50 mm on the ob-
ION BEAMS BY AUTOMATED FLYCTPOSTATIC LENS ject and imagc sides, oen::ctivcly. Tw -

DESIGN ues of the acceptance half-angle were examin-
ed: a = 5 mrad, and a = I mrad. The best

M. Szilagyi and J. Szdp* results were achieved for the Vf = 5 kV, o 5

Department of Electrical and Computer Engr. , mrad case, where the target current densityDnerstm of Elrinal aucsnd Comr ngr, 8of our 12-electrode lens is larger by 488%
University of Arizona, Tucson, Arizona 85721 than that produced by the Orloff-Swanson lens

The design of electrostatic lenses which was the best in performance comparison

with minimum aberrations is one of the cor- of [6). For the case of Vf = 5 kV and a = 1

nerstones of the focused ion beam technol- mrad the improvement is 145% with the 12-
ogy. We have abandoned the usual approach electrode lens. Generally, for larger values
of trial and error and developed a program of Vf and smaller values of a we could
package for automatic design of axially sym- achieve smaller improvements. If V = 25 kV
metric electrostatic lenses with minimized
spot size (maximized current density) at the and a = 5 mrad, the improvement is 124% with
target. The lens synthesis is based on rig- a twenty-electrode lens. In the worst case,
orous mathematical procedures (constrained for Vf = 25 kV, and a = 1 mrad our twenty-e-
nonlinear optimization techniques). The lectrode multielectrode lens produces a cur-
source parameters (angular brightness, ac- rentrde nlye47% leroducesta ofcepanc anleenegy pred, irtalrent density only 47% larger than that ofceptance angle, energy spread, virtual the Kurihara lens which was the best for the
source size, source extraction voltage), thefinal beam energy, the object- and image- same conditions in [6]. (The current density

side working distances, the maximum possible could have been increased by 67%, but the

electrode potentials and the maximum allowed axial potential distribution in this case is
electrostatic fields are the given con- so complicated that the lens would require

about thirty electrodes which does not seem
straints that the lens design must satisfy. too practical.) Usually, for the case of
The program package is based on our previous V f= 25 kV the optimized axial potential dis-
work [i-31 but it contains a significant im-
provement. Our optimized lenses consist of tributions are very complicated. That is the
several electrodes of nonconventional form reason why in this case we have to use twenty-
(spline lenses [4]) or have the form of electrode multielectrode lenses to obtain
multielectrode lenses with very simple elec- significantly improved results. The specific
trodes. numerical value of the optimized target spot

In the improved version of optimiza- size is sensitive to the constraints, espe-
tion we have changed the way of handling cially to the value of the image-side working
the constraints. Previously we used the distance.
SUMT method [51 which sequentially tightens For field ionization sources we could
the constraints during the procedure. Now achieve much more substantial improvements.
this method is used with the simultaneous In this case the main term in the target spot
swapping of the optimization itself between diameter is that of the spherical aberration
two proven methods (the Davidon-Fletcher- disk. The spherical aberration coefficient
Powell algorithm and the Hooke-Jeeves method is very sensitive even to small changes in
151). Thus, the constraints are tightened the axial potential distribution; therefore,
and loosened periodically. This is a longer the optimization procedure could drastically
procedure than the previous one, but it has reduce the target spot sizes. As a result,
two important advantages. First, the result for a = 5 mrad the current density can be in-
of the optimization depends much less on the creased by 2820% and 3240% for Vf = 5 kV and
initial values of the variables. This is V = 25 kV, respectively. In the first case
important because to find good initial val-
ues had always been a problem previously. the twelve-electrode lens is used, the second
The second major advantage is that the opti- result is achieved with a five-electrode
mization does not terminate in shallow local spline lens.
minima. Consequently, the final result is Acknowledgement: This work is sup-
definitely better, ported by the National Science Foundation un-

Our results are presented in the form der Grant ECS 8700849.
of comparisons with some well-known designs References:
16]. Keeping the given constraint parame- [11 M. Szilagyi, Proc. IEEE 73, 412 (1985).
ters constant one can achieve very esson- [2] J. Sz~p and M. Szilagyi, IEEE Trans.
tial increases of the target current densi- Electron Devices ED-35 (1988).
ties by replacing the original lenses with 13] M. Szilagyi and J._ Szp, J. Vac. Sci.
our designs. Technology (in press) (1988).

For liquid metal ion sources the main 141 M. Szilagyi, J. Vac. Sci. Technol. A5,
term in the target spot diameter is the 273 ((987).
chromatic aberration disk. The value of the [51 G. R. Walsh, Methods of Optimization, Wi-
chromatic aberration coefficient, however, ley, New York (1979).
is just slightly sensitive for changes in [6] R. A. Burghard, I. Swanson and J. Orloff,
the axial potential distribution. Neverthe- J. Vac. Sci. Technol. A5, 364 (1987).
less, our improved procedure made it possi-
ble to increase the target current densities * Permanent Address: Department of Solid
by 479, - 488% compared with previous designs. State Physics, £btv6s University, Budapest,

We applied the optimization program Hungary.
to two different final beam energies: Vf = 5

kV and Vf = 25 kV. The source extraction

voltage was 7.5 kV in both cases. The work-
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is taken in the direction perpendicular to the junc-
tion. A sample integrated projection is shown in
Figure 2.

TOIOGRAPHIC APPROACH TO

TWO DIMENSIONAL FOCUSED ION BEAM
PROFILE MEASUREMENT

J. F. McDonald , H. T. Lin, and i. E. Haslam

Center for Integrated Electronics
Rensselaer Polytechnic Institute 2 "

Troy, New York 12181

The focused Ion Beam (FIB) is an extremely use-

ful tool for a variety of applications in VLSI and in
ULSI. Figure 1 shows a cross section view of the VG

IBL 10S FIB used in these experiments. 
S

* I 14 I IS I 2

l2ODE K fl as DII Itl

,LAAID&4 ION BEPA1 PROFILING USING HETEROJUCTION

- -Figure 2. Typical projection integrated profile for
GaAs/AlGaAs Heterojunction sweep.

This may be differentiated to obtain one of the pro-

jections, as shown in Figure 3. To obtain the two di-

mensional current distribution a projection sequonce
must be collected by rotating the table and sweeping

,.1ENT.1 the beam perpendicularly across the junction for each
angle. A typical differentiated projection is shown in
Figure 3.

/gD3 SaidEitvoFgr2gv h

NIC. L ENS DEDI

AIAD ;z--- 1 2
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Figure 1. Cross section of VG DBL 1005 FIB showing W. IZ EM, ul

particularly the SIMS attachment. FIB BERM PROFILE

Figure 3. Spatial derivative of Figure 2 giving the
Of particular interest to users of the FIB technology projection for the beam distribution at one
is the spot size and beam profile for the beam. The angular orientation of the heterojunction.
focusing of the machine is largely manual and a means
for quantifying the degree of focus is desired. One Reconstruction of the two dimensional beam current
approach involves scanning an abrupt GaAs/AlGaAs hetero- distriribunion I(x,y) is by the Fourier Rackprojection

junction with the beam with an orientation perpendicular method in Tomography. Depending on the sensitivity

to the junction. By monitoring the Al content in the of the SIMS attachment the technique can give informa -

sputtered material using the SIMS attachment of the FIB tion not only about the two dimensional distrubution
the integral of the beam current covering the Al region of the current but also information about the low
can be obtained. By stepping the beam center towards tails of the distribution 

t
ar removed from the aimil.1

the junction, more and more of the beam covers the A1 point of the beam. Large numbers of projection, are
region producing a projection of an integrated profile needed to do this, however.
of the beam current distribution. The projection

6h.
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ACHROMATIC LENS AND MASS FILTER DESIGN Tile ioraireri rctoporri rotrttials o 'f'tvlvtlrrntr gA_
USING CROSSED-FIELD MULTIPOLE ELEMENTS A,,~ B,. B, are listed it, Talble 3. Silce theco ..l o'ltl

hrave no effect oni tire- primiary ciroiatic ahi eratioris, ilre Ionsc-
%IBR. Sirritir and E. Murnro call) ber adjusted to marnke tilt, systemtr similta it'ttt,1V fit,- of

pitiy axial chromiat ic and ptrimaryt apertutre ab erra!tons.
Optics Sectioni. Blacket t Laiboratotry, Imrperial Cotllege. The programns have alsot been lised to, design itrigirifyirrg

Prince C'onrsort ItRoad, Lodo SW7V 2BZ. Einglarrnd triplets anid qr uprortllet rnVstelis.
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Fig. 3 Paraxial rays through the triplet in the crossover mode
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Table 1 Computed excitations on each lens for achromatic Fig. 7 Axial arrangement of the double Wien filter system
focusing (V, in volts and NI, in ampere-turns) (dimensions in mm)
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Table 2 Computed axial chromatic aberration coefficients 0 u;)7

toi the quadrupole triplet Fig. 8 Dispersed rays for the double Wien filter system
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Ion Optical Performance
of the MicroBeam NanoFab-150

Focused Ion Beam System

Eugene Tsiang
William P. Robinson

John C. Potosky

MicroBeam, Inc.

1125 Business Center Drive
Newbury Park, CA 91320

MicroBeam has developed the
NanoFab-150 focused ion beam system for
fabricating submicron devices and
structures. The system is fully automated
for ease-of-use and repetitive operations.

Three target beam spot diameters
between 50 and 500 nanometers may be
selected, depending on the aperture
chosen. The beam voltage may be set
between 4kV and 150kV, at current
densities of up to 5 amperes per square
centimeter. A primary beam mass filter is
used to select the desired ion species.
An automated loadlock provides rapid
sample throughput. An x-y stage, whose
position may be monitored by a laser
interferometer, accomodates 7-inch
substrates. High speed cryopumping is
used for evacuating both the optical
column (housing the ion source, lenses and
mass filter) and the target chamber
(housing the x-y stage, position sensors
and secondary particle detectors). The
target and optical chambers are
differentially pumped, allowing for
pressure differences of several orders of
magnitude. This feature permits the
injection of gas into the target chamber
for gas-modified ion beam processes,
without compromising liquid metal ion
source performance and lifetime.

During device fabrication, the
NanoPab-150 may be used for patterned
implantation of dopants into semi-
conductors, or for resist exposure.
During imaging, the system collects
secondary electrons or ions. Integral
high efficiency SIMS optics may be
supplied for use in process endpoint
detection and for species-specific high
resolution images.

In this paper, the NanoFab-150 system
configuration, optical design, performance
test results and ultimate design goals are
discussed.
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Development of Liquid-Metal-Ion Sources for r must be chosen.t5] This is based on the
Focused-lon-Beam Applications consideration that a mol'en alloy with a

higher requires a higher electrostatic
field. which leads to a higher probauility oc

T.Ishitani. K.Umemura. and Y.Kawanami post-ionization of the field evaporated M
ions. Typical favorable base elements, which
have high a (, 1500 dyn/cm) and form rather

Central Research Laboratory. Hitachi. Ltd., low melting point alloys (1 1000 C). are NI.
Kokubunjli. Tokyo 189. Japan Pt. and Pd.

3. FIB current density distribution
Prototype liquid-metal-ion sources (LMISs)

have been developed for focused-ion-beam Detailed experiments have shown that the
(FIB) application. The Investigation has profile deviates from the Gaussian at I to 3
included commonly used ions such as Ga and In orders of magnitude below the peak and has
and others such as B, P. and As. Ion emission wider skirts. Analytical expression is
of the latter elements, which are dopants in obtained for the normalized FIB current-
Si semiconductor, are difficult because of density distribution. J . which consists of
seve-ral problems associated with strong three components[51 n(1) a normalized
corrosive effect of B at high temperature on Gaussian distribution. j ,. which holds good
the metal electrode, and with high vapor near the FIB center. (2 ' profile connected
pressure of P and As. By adding new results, with lens chromatic aberration. jn . and
the present paper reviews LMIS structure. (5) a profile caused by FIB coillsi with
suitable source materials. LMIS residual gas. J.."
characteristics, and FIB profile connected
with LMIS characteristics. It is worthy of note that the j prolile

i% affected by the Ion energy difFibution.
On the other hand. J is affected only Py

1. Movable needle type LMIS collision characterisfics such as residual

gas pressure. It is generally suggested that
A movable needle type LMIS[i] has been to form an FIB wih a smaller spot and

developed. The needle is supported to allow narrower skirt. M, ion are more suitabhl
precise movement along its axis, and is than M ions when M, 1.
mechanically and/or electrically controlled
from the outside of the vacuum chamber, even
during LMIS operation. Needle movement plays REFERENCES
three important roles: (I) complete wetting
of the virgin needle with molten metal by I) T.ishitani. K Umemura. and T.Aida. -. Va(-
sticking the tip into the molten metal. (2l Sci . TechnoI. A5. 2107 157

recovering the metal film on the needle apex 2) T.Ishitani. K.Umemura,. aiid Y.lawandami.
after undesirable disruption, (5) Appi. Phys. 61, 748 (1987).
stabilization of ion emission for any LMIS by 5) T.Ishitanil. K.Umemur. and Y.Kawinami. 2
optimizing the distance from the heater to Vac. Sci. Technol. B (in press)
the needle apex.

Combinations of source-alloy/needle for B,
P. and As LMISs are Ni-B-Si/SiC. Pt-P-Sb/W.
and NI-As/Re. respectively. The source
lifetime is over 250 h for B and 200 h for P.
The As LMIS has been tested up to 50 h and no
obvious deterioration has been observed.

2. Suitable base-element of source alloy

When M 
2  

ionojlux is large enough for FIB
a~plication. M' ions are more suitable than
M ions with respect to FIB fineness.,This Is
due to a semi-empirical rule that M ions
have a narrower energy spread per chargie2]

In E(M
2  

)/2 ,aEIM) (ME (H)( .

Another point Is that H lons have a low
energy tall but also a hiqh energy tali on
t ir energy distribution curve when M
M . Here, the chromatic aferration is
assumed to be dominant in determining FIB
size

The base elements of tie source alloy
affect the charge distributions of emIttel
irs. Fyr example, the intensity tatlo ( cf
I- t. P Ions a te aiout 0.' for Cu P al iy

alnd abouit 2 for Pt ai [:y To enianin, the
Internsity taftio /MH from 1i H X alloy.
a b., - element X with h igher surfiane t ri,,r,

6h8
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Emission Current Dependence in the Fluctuation Power
Spectra of Gallium Liquid Metal Ion Sources Il

i 
S. P. Thompson, Vacuum 34, 223 (1984).

[2) D. L. Barr, J. Vac. Sri. Technol. B 6,184 (1987)
Barr, D. L.

Thomson, A.J. 131 C. D'Crus, K. Pourrezaei, and A. Wagner, J. AppI Phys 68.

Brown, W. L. 2724 (1985).

141 G. L. R, Mair sad A. Von Engel, J. Phys D 14, 1721 (1981)

600 Mountain Avenue [5) L. W. Swanson and D. R. Kingham, Appl. Phys A 41. 223-232

Murray Hill, NJ 07974 (1086).

161 A Bahsadri, Ph.D. Thesis, Drexel Univ. (1987)

[71 D. L. Barr, D. J. Thomson, and W. L. Brown. J Vac Sri
Liquid metal ion sources have been observed to produce material Technol. B 5(1), 482 (1988).
beams of widely differing constitution and charge state. This includes
everything from uncharged neutral particlesli

'
l to singly and multiply

charged ionic species, singly and multiply charged clusterst
1  

and
finally charged droplets s large as a fraction of a micronl~s. Results of

enperiments deriving the total muon transport from a LMIS s a
function of currentl'" indicate that only a fraction of the total mus is
emitted as the ionic species at currents above a few microamperes. h
Any theory that attempts to describe the ion current-voltage behavior
of the LMIS must also describe emission of these other species, since
they must have a perturbative influence on ion emission. Although
the emission of atomic ions is generally accepted as being due to field
evaporation, the origin of clusters and droplets is still quite uncertain

It seems likely that they are a reflection of some nonrandom
fluctuation in the liquid tip.

A model has been proposed by Kingham and Swanson
8
'

1 
to describe

the ionization mechanism of the LMIS, taking into account neutral, C
cluster, and droplet creation. They arrive at this model by assuming
the emission site to be a cusp. Ions are generated through field c d
ionization or field evaporation from the end of the cusp, while clusters
are formed through the coalescence of thermally evaporated neutrals
from the shank of the cusp, which are drawn to the tip by polarization
forces, where they are field ionized Bahsadriul" adopts a different Figure I
point of view, namely that the liquid metal cusp behaves as a fluid jet,
and tcrefore has a set of electrohydrodynamic oscillation modes
which give rise to droplet (and p-chaps cluster) emission The
experiment described here is an attempt to observe characteristic
modes at high frequency and as a function of total emission current,N ap

The current results are extensions of an earlier report"
t
' The

apparatus used is shown in figure one. A gallium LMIS and extractor
(fig Ia and lb) generate a broad beam of ions A rectangular slit (fig
Ic) defines a fan of the beam 140 mrad in width by I mrad in height
The ion fan is swept across a gated chevron multichannel plate (fig If)
using a voltage ramp that is adjustable from 4 psec to 100 nsec A
video camera records the image produced on the phosphor screen, and
the video image is then transferred to a computer where the digitized
images are furuier analyzed avd two dimensional power spectra are
calculated

The pre-ious) reported results of time and angle correlations in ion
emission have been extended to meaure the power spectrum as a
function of total source current The time and angular behavior of the
emission -as studied at emission currents of 5. 10, 25, 50, and 75 pA
Figure 2 shown one such power spectru., calculated from images
taken at an emission current of 75 pA The axes are log,0power versus
log1~frequency and logiuangular wave number Poser rolloffs are
evideni in both angular wave number and frequency The rolloff in
angular wave number is present at all source currents and ha
approimately the same slops of 13 db/ostase, independent of source
current This is attributed to coulomb repulsion between ions whicii
ae emitted the order of 200 A opart There is also a distinct rolloff in
flostuatin power with incresing frequency. The slope of this rooflf
increses with increasing source current, with the power failing 4 7 db
per octave at 5 MA and falling 6 2 db/octave at 75 pA at frequencies
above 180 Mhz Preliminary results also indicate that the total power
ii the statistical fluctuations is roughly proportional to the ial4
current density for the source (not the total source current) There is

no indication in the 10-500 Mhz range reported heere of any resonant
behavior in the emission correlations, such s have been reported by
Robhasadri et n] at much lower frequencies Figure 2

F6hf',

..b....i
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THEORY OF OPERATION OF ELECTROHYDRODYNAMIC the onset of instability gives rise to on-licear
FOCUSED ION BEAM SOURCES: A REVIEW

i  electrohydrodynamic equations. To make the problem

tractable, one considers th -' o limiting regimes,
P. H, Cutler and N. M. Miskovsky the electrohydrostatic (EHS) and the

Department of Physics electrohydrodynamic (EHD) regimes. In the EHS case,
The Pennsylvania State University the fields and velocities are assumed to be so mall

104 Davey Labortory that quasi-static equilibrium exists and the fluid
University Park, PA, 16802 U.S.A. surface is essentially at rest. In the ESD limit.

pressure and field-gradients give rise to fluid

and flow. Hence, the pressure in the Laplace-Young

stress balance condition is . time-dependent

M. Chung quantity. Fluid flow is now included in the

Department of Physics description of the deformation of the fluid surface

Ulsan University in response to the field.

Muga, Ulsan, Kyungnam, Korea
In the paper, we first present some of the relevant

Electrohydrodynamic (EHD) ion sources have attracted experimental results for EHD sources. Earlier
much interest since the late 1960's. These devices treatments of stability in the EHS model are
provide a high brightness (_106 Acm-

2
/srl), high- crit'cally reviewed. Somo recent theoretical

resolution quasi-point surface of ions at low results in the EHS limit are then presented These
currents (-I - 10 pA) . For currents greater than suggest the essential features necessary for a
-10 - 50 AA, droplet emission of variable mass and correct description of the fluid in the dynamical
charge begins to dominate[l-3. Even though the limit. We then examine new EHD theories ard
detailed mechanism of operation is not complereiy calculations of the dynamical shape and stability
understood, EHD source applications have facilitated Finally, recent theoretical attempts to explair ico
the growth of important fields of contemporary and droplet formation will be discussed.
technology and science[4]. Some applications of
focused ion beams (FIB) include ion implantation. (This work was supported in part by NSF Cract No
microfabricatlon and high resolution surface INT-8714799.

analysis[4]. In addition, there is interest in
their use for electrical propulsion of space References:
craft(51 and as a light ion beam driver for inertial i C. D. Cruz, K. Pourrezael and A. agner. 7
confinement fusion[6. In recent years, there has Ap~l. Phys. 58. 2724 (1985).
been renewed effort in studying po ;Ible application 2. M. Francois, K. Pourrezael, A. Bahasadrl asn, D
of droplet emission to metallic film depo i Nayak J. Vas. Set. Te:hnol. B5. 16 (178
tion[27]. and mask repair[4,8 . 3. D. Nayak, K. Pourreuael, M. Francois nl A

Baiiasadri, Rev. Sci. Instum, (1987).
By applying a strong electric field (-few V/A) to a 4. J. Melngailis, "Focussd Ion Beam Technologv ar-
liquid metal or alloy (e.g , Ga, Al, Au, Cs, etc.) Applications A Critical Review." J. Wac Sci
at the opening of a narrow capillary tubs or Technol. B5, 468 (1987)
deposited on a metallic whisker tip, one obtains 5. J. Mittecaser, J. do Physiqeo Collequy C6. ,.
elongated liquid profiles with diameters of q 10A C6-171 (1987 .
as a quasi-static equilibrium shape. At a certain 6 A. R. Preganzer. J. Appi. Phys 58. 4509 1l85'
critical voltage, the liquid microprotrusionsHB3 7 P. D. Prewett, L. Cowlano, K L. Aitkin and C.
begin to oscillate and finally emit a narrow ran of M. 0. Mahoney. Thin Solid Films 9B) 1.' (lg81
singly anl multiply charged ions, as well as nestral 8 C. enassayag., P. Sudraud and L,. W. Swancss.
and charged clusters, and microdroplets 1-3.9. Surf. Sci 181, 3627 (1987)

9. G. Benassayag, P Sudraud and B. .1ouftrs.
Some of the basic physical problems which must l)e Ultramicroscopy 16. 1 (185),
addressed In order to understand the operation of 10 A. Wagner. T Venkatesan, P M. Petroff and I)
these devices are: Barr, J. Vac. Sei. Tecnol. 19. 1186 (I081

1. The spatial and temporal evolution of the
mlcroprotrusions (Z500A) on the liquid surfae,
which are thought to be the source of the ions
and droplets.

2 The mechanism(s) predicting where anl how
surface ins abilities arise and result in

fragmentation and su sequent emission.

3, The specific quantun-mechanlcal mechanism fot
Ion and charged cluster or droplet format ion

Tire most Important physical parameter necessarv to
describe the ion and oroplet formation mechanism Is
the electric field On the surface of the flaid -- ti
or at the apex of the source. This, in turn
requires a knowledge of the static and dvniair !;hape
of the stressed fluid surface Threfore, a
fundamental problem in the theory of operat i-i o
EHD sources is the prediction of tire sri and
dynamic configuration of the llirdi emittee subi t
to strong electric fields.

An exact mathematleal treatment if the prll, if c
elo trosta teal ly stressed fli,. fre -e c fi, ld t,



size and field penetration effects with ease.

SFAPE AND INSLABILITY OF LIOUID I*71'AL ION SOURCES This model is also directly related to the macro-
scopic drop whosu instability has been studies for

>.S.Chung, P.H.Cutler* and N.M.Miskovskv'* more than a century. The field ionization and the
- space charge effect in this model are briefly

Department of Physics, Universitv of Lqlsan discussed.

l., Kvmn,, Korea

* Departmrent of Physics, The Pennsvlvania State References

University, University Park, PA 16802, USA

Department of Phvsics The Altoona Csrspus, . M.Chunp, P.H.Cutler, T.E.Feuchtwang, E.Kazes

The Pennsylvania State University, PA 16601, and N.M.Miskovskv, J. de Phys, 47, C-7, 351
(1986).

A fundwsental problem in the study of Liquid 2. G.I.Taylor, Proc.Roy.Soc. (London) 280 A

Metal lon Sources(LMS) is to describe the 'on 383 (1964).
formation phentruenon occurred at the onset voltage.
It is the macroscopic problem of instability of the 3. Romer, Appl. Phys, 19, 365 (1979).
electrically stressed fluid and is the microscopic
problem of field evaporation of ions from a liquid
surface.

For the nacrc-copic description of the phenomern,
electrohydrodvyanic(FtD) equations are applied to a
2onical mdel of the conducting fluid.[1) Since the
"TaylorJ2] cone is given at overall equilibrium
across the entire cone surface, it is used as the
zeroth-order shape. The rodel surface is chosen to
he a deformed cone which is described by the first-
order term of deformation. By takiin nout the first-
order contribution terms of electric and mechanical
stresses and pressure difference, we have the first-
order DID equations. The obtained first-order
ULplace-Your4, stress condition yields the shape
deforrarion and critical voltage at the onset of
instability. This approach is similar to the
analysis of the linear surface wave occurred at the
horizontal overall equilibrium surface.
However, even though instqbility is a universal
5
henomenon, the to first-order stability analyses

are different in that for the conical model, there
already exists a geomsetrical singularity in the
zeroth-order surface. The current attempt leads
to a success to obtain the evolved shape and
critical voltage for breakdown of a three-dimensional
fluid surface in much better agreement with experi-
ment. It is also worth while to mention that the
instability obtained here is locajized at the cone
apex, which cannot be explained in the Taylor
analysis. To avoid matheaatical difficulties in the
13D theors, we first treat the fluid quasi-
hydrostatically. By quasi-hydrostatically we mean
tliat no flow is allowed even though a ,vmll
deform-tion is considered. This implies that
deforation is independent of time. The criterion
for instability is assumred to be zero pressure
difference, Ap= 0 as in the hydrostatis case.
The obtained shape is a concave cone and the
associated cirtical voltage is approximerely equal
to two thirds of that obtained in the Taylor argument.
Secondls, we make several assumptions and approxi-
mtionrs to have soie FN{D results. In this case,
fluid flow is allowed and then deformation depends
upTn tine. rlatheerticallv, the first-order Laplace-
Yssrr, corndition can yield the dispersion relation for
w), the frequency associated with a perturbed surface
wave. For the condition iJ= 0 , the critical voltage
for the onqet of instability is obtained.
hl;e corresxnding shape is also calculated. However,

the shape f,rn, and critical voltage are nort uniquely
deermi ned.

for the microscopic descript ion of the ion
ronwt icru mechanism,, tile spherical sadel of fluid
i s c scnr. In adIi ri ion to ic ro Ie f the planar

-ielf Il "1fwich has hero most l,, used, it sields the
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AN ELECTROHYDRODYNAMIC FORMALISM FOR where p is the density and v is the viscosity. The dynamical
DROPLET FORMATION IN ELECTRICALLY STRESSED quantities can be completely determined if one applies the boundary

CONDUCTING FLUIDS. conditions at the free surface of the fluid. The first of these is the
compatability condition between the shape of the fluid surface and

N. M. Miskovsky, M. Chung, P. H. Cutler the velocity inside to the fluid. The other boundary conditions on
the potentials, and the Laplace-Young condition must also be

Department of Physics satisfied.
Pennsylvania State University The above formalism when applied yields solutions for u and

University Park, PA 16802 which satisfy the boundary conditions. This allows for the

Some of the basic physical ,,,oblems which must be addressed determination of the eigenmodes and eigenfrequencies of the
in order to understand the operation of EHD sources are: system as well as the limits of the stability regimes of the stressed

1. The spatial and temporal evolution of the microprotrusions fluid. The general form of the eigenmodes u as a function of r, 0,
(<50nm) on the liquid surface, which are thought to be the are now determined as a function of frequency. Similarly, the
source of the ions and droplets. frequencies of the eigenmodes are calculated by substituting the

2. The mechanism(s) predicting when and how surface solutions for ul and p, into the time-dependent Laplace-Young
instabilities arise and result in fragmentation and
subsequent emission. stress condition. This gives the relationship between the restoring

3. The delineation of the specific ion and charged droplet stresses provided by the surface tension, the outward stress due to
formation mechanisms. These are fundamentally the electric field and the inertia of the fluid from which one
microscopic and quantum mechanical in nature and will not determines the possible eigenfrequencies. In the present analysis.
be treated in this paper. the real part of the eigenfrequency is related to the decay rate of the

Solution of these problems should provide information on the excited eigenmode, and the imaginary part is related to the energy
following predictive features and parameters which can be associated with that mode. It is important to note that the solutions
compared with experimental observations: for the velocity field involve Bessel functions which contain the

a. The droplet size distribution and charge to mass ratio (1,2). parameter k. The significance of this is that these are essentially the
b. The critical field necessary for breakdown of the surface, characteristic wavelengths associated with the perturbed
c. The characteristic time associated with the growth and eigenmodes or surface disturbances on the fluid. The functional

decay of instabilities on the surface ol the stressed fluid form of the mode ampitudes, which contain terms such as sin ('e
(3,4,5,6). lnr), is consistent with what is expected on physical grounds. This

d. The size (wavelength), amplitude, and the position of the
instabilities on the stressed fluid (3,4,7). is seen from the following argument. The parametert contains the

An exact macroscopic dynamical theory to treat problems I and wavelegnth dependence of the modes. The spacing betwen nodes
2 involves the simultaneous solution of the Navier-Stokes equation, is not equidistant but increases with distance from the apex.
Maxwell's equations, and the time-dependent Laplace-Young stress Physically, this implies greater stability of the perturbed surface as
condition. These equations are non-linear in the velocity and not one moves away from the apex region, that is, this gives a local
amenable to closed form solution, dependence of the stability of the excited eigenmodes with the

Chung. et. al. (8) have recently developed an electro- instability most likely to occur at or near the apex where the fields
hydrodynamic theory for an ideal conducting fluid, and applied this are highest. Since the excited eigenmodes constitute a spectrum of
analysis to a fully three dimensional model of a liquid metal ion wavelengths, then, in the short wavelength limit, they can account
source whose initial unperturbed state was that of a ideal Taylor for the micropr'usions observed experimentally.
cone model. Equations to be solved simultaneously are the Laplace Numerical calculations of the eigenfrequency spectrum are

equation for the electric potential, -D and the velocity potential 0, presented. From this data, the stability regimes are delineated as
Bernoulli's equation for an incompressible and irrotational fluid, well as the breakdown voltage for the stressed fluid. From the real
the boundary conditions on the potentials, and the time-dependent part of the calculated eigenfrequencies the localized growth andLaplace-Young stress condition, decay rates are examined. In addition, the calculated local

This exact set of coupled EHD equations and boundary amplitude variation provides information on the droplet size
~2 To distribution which is compared to experiment.conditions is intrinsically non-linear in the velocity term u

2. 
To This work was supported in part by NSF grant INT-8714799.

make the problem tractable, the EHIS equations were linearized and
solved to first order in the potentials and the surface deformation. I. C. D'cruz, K. Pourrezaei and A. Wagner, J. Appl. Phys. 58,
It is important to note, however, that the Chung, et. al. (8), 2724 (1985)
analysis only treats the very-long wavelength surface modes and 2. M. Francois, K. Pourrezaei, A. Bahasadri and D. Nayak, J.
does not allow for any azimuthally dependent capillary wave Vac. Sci. Technol. B5. 178 (1987).
modes. Thus, processes such as "necking" or fragmentation, 3. A. R. Preganzer, J. Appl. Phys. 5L 4509 (1985).
which can provide a mechanism for droplet emission, cannot occur. 4. M.D. Gabovich, Sov. Phys. Usp. 26(5), 447 (1983).
Also, the results obtained by Chung, et. al., are restricted to be 4. M. . ab ov Soy. Phys. e 
commensurate in size with the macroscopic dimensions of the fluid S. a) V. G. Dudnikos and A. L. Shabalin. Soy. Phys. Tech.
sample (i.e., those used by Taylor (9)). This is a consequence of Phys. Tc 462 (985).
restricting the calculations to the long wavelength limit. It is b) V. G. Dadnikos and A. L. Shabalin. Sov. Phys. Tech.
apparent that for the more general case of excitation of a spectrum 6. P.yH.Cue 2 .of capillary wave modes, instabilities of submicron size can 6.P. H. Cutler. M. Chung and N. Miskovsky, "Theory and

oap.y wApplication of Electrodydrodynamic Ion Sources." I Ith
develop. International Seminar on Surface Physics, Piechowice. PolandIn this paper we describe an electrohydrodynamic theory and(My18.
present numerical results for localized ion and cluster emission that 7. G. Benasayag, P. Sudraud and B. Jouffrey, Ultramicroscopy
includes dissipative effects (i.e., viscosity). This analysis is 7 . 1asya5). u
based on the formalism developed by Grossmann and Muller (10), _0, 1 (1985).
but is no longer restricted to radial fields in cylindrical geometry. 8. M. Chung, P. H. Cutler, N. Miskovsky, T. E. Feuchtwang
The formalism outlined here relaxes this restriction, and is apried and E. Kazes, J. Vac. Sci. Technol. B5, 1628 (19871.
to a model with both radial and longitudinal electric fields which are 9. G. 1. Taylor, Proc. Roy. Sci. (London) A280, 383 (1964)
present in most EHD sources. 10. S. Grossmann and A. Muller, Z. Phys. B.L 161 (1984).

Assume ut(r.t) and p,(r,t) represent the deviations of the
velocity and the pressure fields from their equilibrium values, ti,,
and p.. Then the Navier-Stokes equation in linearized form for
these deviations becomes (10),o)u

I

p - -Vpl -vpV x (Vx u,) with V-u - 0...
dt

l UN Nlalnms InN N
t nI

• I n nmnmm n mu
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The behaviours of metal impurities in Si substrate plane-view TEMl image after HTI + HT3 (b) for a Cu cue-
K.Hiramoto, M.Sano, M.Horai, SSumita, taminated wafers. Precipitations grown along (110)N.Fujino and T.Shiraiwa plane were observed in (a) and they induced stacking

faults after subsequent annealing in (b). These
Kynshu Electric Metal Co, ,Ltd. precipitations were found to be Cu silicides by EDX

Osaka Titanium Co., Ltd, analysis. The similar results were obtained fur Ni
Kamioda, ohokucho, Kishimegun, Saga, Japan contaminated wafers. Therefore the behaviours of Cu,Amagasak,, Hygo, Japan Ni and Fe in silicon strongly depend on surface con-A. Introduction centration of metal and the condition of subsequentThere are meny chances to contaminate silicon wafer heat treatments after contamination. Cu and Ni im-

T purities tend to precipitate at the surface and Fewith metal impurities such as Fe, Ni and Cu even in dissolves into bulk.the automated LSi manufacturing processes. Heavy metal The correlations between the surface metal concentra-contamirations on silicon wafers are one of the moit tion and GOT are shown in Figure 3. Breakdown strengthros causes which degrade the device perforsance sthwas reduced in the samples, whose precipitations wereis the feature size of silicon I~i is reduced, the observed after HT1. However it w also redced in the
study arid control of metal impurties become more Im- samples, Cu contaminated with 10 atoms/cm after HT2portant. Although many works ~ about metal im- and Ni contamination after all heat treatments, inparities have been reported, the quantitative study which we could not find any precipitations. Thesefor the metal precipitations and the influence to results indicate that GOT is more mensitive for metaleiectrical characteristics have been scarcely contaminations than the observation of shallow pits.reported. Fe impurities did not degrade GOI, but they decre'sedIt, this presentation the behaviours of metal Is- generation lifetime. It is considered that Fe dis-
purities at the surface9 ire discussed after quantita- solves into bulk during heat treatment and form car-tioe metal contamination . And their dependence on tir generation centers.orts of impurities, amounts of impurities and heat The gettering efficiencies were studied after heatlr..cesses are shown by observation of etch pits, treatments simulating a C-MOS process. These resultstrensmission electron microscopy (TEM), and electrical tatnts more e than BD ahd P sly.rsracteristics such as gate oxide integrity (GO) and show that IC is more effective tir, D and PG atably.carrier i fetime. From these resultso quantitatl e4 oclsontring lifeimethod Fm tee eelo Thntit vet- The behaviours of heavy metal impurities In siliconsi-nttoring methods have beer, developed . Titan get- were studied by the observatison of defects and thetoting techniques to remove such metal impurities and
their efficiency during heat treatment are discussed, measurement of MOS capacitors characteristics after

quantitative contamination by spin coating.2.Experiment (1) Ni and Cu precipitate metal silicides at the sur-or the experiments n- and p-type, Czochralski-grown face and grow into stacking faults or dislocations(gl), 4"4 and (100)-oriented wafers were used. Sample after heat treatment. Their behaviours strongly dependwafers were contaminated quantitatively by spin coat- on the condition of heat treatment. Gate oxide in-ing of' metal oalt solution on their front surface. In tegrity is reduced by precipitations of Ni and Cu.order to measure the concentration of metal, a native (2) Fe diffuses and dissolves into bulk and decreasesoxilde film or, the front surface was decomposed in HF carrier lifetime.vapour and dissloved solution was analyzed a flame- (3) The methods to investigate the gettering1-s type of Atomic Absorption Spectrometer 12 13 eficiency are developed and it is found that 1G isAfter ampie wafers were contaminated with 10 -10 more effective than BD arid PG.atsms/cm of Ni, Cu and Fe, they were put into a fur-
nace at 1000o C and heated up to 1150°C with ramping References
rece of 5CC/min. Then they were annealed at 1150"C forhour in N and cooled to room temperature through 1) L.Jastrzebmki, N.Soyden, B.Goldsmith, andtwo types of processes. In one case (HTI), they were J.T.MiGinn : J.Electrochem.Soc. 131 (19h4), 2944.coIl down to 10 0()0a with the rate of 3o C/min and 2) H.M.Lacquet and P.L.Swart : Nuel. Instrum. &pulled ut of the furnace. In -nother case (AT?), they Methods in Physics Research. B (1985), 372.4,re cooled down to 650*C with the rate of 1CC/rin arid 3) K.Honda, A.Ohsawa, and N.Toyokura : Appl. Phys.pullei out of the furnace. After Art or HT2, sample Lett. 45 (1984), 270.wasers were also annealed at lOoCI for 4 hours in dry 4) K.Honda, A.Ohsawa, and N.Toyokura : Ibid. 46(, ITj). Then thie surface defects were observed by an (1985), 582.

rtl Microscope aftor preferential etching and TEM. 5) K.Graff and H.Fleper : Semiconductor Silicon 1981lorde to Investigate the influence or, GO1 and car- edited by H.R.Hff, R.J.Kriegler, arrd l.Takeishi, Pe-
ricr lifetime, oxide films were removed after ATi or ningston, Nd, (1981), 331Ill, arl M6CI capaiturs were fabricated. MOS capacitors 6) E.R.Weber : Appl. Phys. A30 (1983), 1.1 or ,dlivatiuon had 25 rm oxide films and 3mm X Ins 7) A.Ohsawa, K.Honda, arid N.Toyukura : J. Electrochem.
'I,,yi Ilio, electrodes. MS capacitors for lifetime Sec. 131, (1984), 2964.to, lui had 75 rm oxid, films and lmm X im AI 8) M.Y'snida and K.Furusho : Jpn .. Appl.lhys. 3
I, ti ea with grard eleclree . lttering ef- (1964), 521.I t i:ies during beat treatment were evaluated con- 9) T.Shiraiwa, N.Fuj Ino, S.Sumita, ard Y.Tanizoetring icr irric gette,'irg (I0), backside damage by Proc. 5th International Symisitm on Semiconductor.4-ct terect tli;l and poayci-yur, back coating (PG). Processing, Santa Clara Feb., 1988 ( to be pblshehd 1it,;y werv itvestlgate i by electrical characteristics 10) cotributed to Proc. Sealicn )saka 1'68

't r,titative eutihStiott.
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AN ADVANCED CRYSTAL GROWTH TECHNIQUE AS In addition, an impurity amount originally
FULL RANGE RESISTIVITY CONTROLLED CZ present in the melt in the inner crucible
(FCCZ)TECHNIQUE having height tH is represented by

Y.Yamashita,M.Kojima and H.Hirano xr
2
AH-Cj

= CR2AH(r2/R2)C, (due to eq.(2))
Semiconductor Materials Engineering Dept. = YR

2
AHxkC- ---------- (3).

Toshiba Corporation
and thereby corresponds to the total impurity

72,Horikawa-cho,Saiwai-ku,Kawasaki,210, amount taken into the single crystal. That
Japan is, the impurity present in the melt in the

inner crucible with height AH is completely
When a semiconductor single crystal is grown taken into the grown crysyal. Therefure, the
from a melt in a crucible,by the conventional impurity concentration in the melt in the
CZ technique,impurity concentration distri- inner crucible is always maintained at
bution C in the longitudinal direction of the constant value C, , so that in the pulled
grown single crystal varies according to the crystal is always maintained at constantfollowing eqation, value k-Ci.

C = kC0(1-G)k-- i-----------(1) We have succeeded in obtaining phosphorus
doped 5" 0 diameter <lil> or <100> dislocation

where k is the segregation coefficient, Co is free Si single crystals with nearly uniform
the initial impurity concentration of the resistivity in the longitudinal direction, by
melt, and G is the solidification rate. using the proposed double crucibles, as r/R

is 11-0/16"O(see Fig.2 and Fig.3).
Therefore, significantly decreasing the for-
mation yield for a single crystal having an Power devices were manufactured,for which the
impurity concentration within a predetermined sub-wafer is demanded to have a strictly
range when segregation coefficient k is small, narrow resistivity range, for trial in using

Magnetic Field applied FCCZ wafers and recog-
Conventionally, a pulling technique, known as nized that the formation yield for the
the floating crucible techniquehas been pro- devices is eqivalent to that in using R'nely
posedto solve the above problem)'

2  
However used NTD Wafers.

there are few reports in the Si crystal
growth

) '4  
There are other merits in using the FCCZ
technique during the Si crystal growth beside

Recentlywe have developed a new double-cruci- the longitudinal resistivity uniformity, such
ble CZ technique for obtaining uniformly as;
doped Si single crystals from top to tail on (A) The resistivity uniformity of the grown
the basis of the idea by A.V.Valcic 5). This crystal in the radial direction is improved
is called the FCCZ(Full Range Resistivity by using the "small" inner crucible as the
Controlled CZ)technique. This uniformity is breeding vessel.
accomplished in the followsing manner. (B) By pulling the crystal in a strong mag-
(A) A special double-structure quartz cruci- netic field, it is easy to obtain a single
ble is used. The inner crucible, containing crystal whose resistivity is comparatively
a melt doped with an impurity,is arranged uniform, not only in the longitudinal di-
concentrically and integrally with the outer rection but also in the radial direction.
crucible to contain an undoped melt. The (C) It is easy to obtain comparatively high
inner-crucible diameter is WE times that of [Oil Si crystals, although crystal pulling is
the outer crucible, when the impurity segre- implemented in a magnetic field through use
gation coefficient is k. of the "small" inner crucibles.
(B) These inner and outer crucibles connect (D) This new pulling technique can be uti-
through a quartz pipe like passegewhich pre- lized merely by exchnanging a conventional
vents diffusion of an impurity from the single crucible for the double crucible
inner-crucible melt to the outer-crucible presently developed. Therefore it is possible
melt, and prevents exchange of melts between to use a conventinal Si CZ pulling machine
inner and outer crucibles, before and during without changing the format.
crystal pulling.

We think that FCCZ technique is the closest
The principle for obtaining uniformly doped cut to the continious pulling technique,which
single crystals Is as follows. First, it is is a dream many year's standing, for Si
assumed that the outer crucible radius is R, crystal industry.
the inner crucible radius is r, the segre-
gation coefficient for an impurity is k, the References
impurty concentration in the inner-crucible
melt is C, The following relationship is I.W.F.LEVERTON, J.Appl.Phys.29, 1241(1958).
satisfied at the liquid surface height of the 2.J.GOORISEN, Phillips Tech.Rev.21, 185(1960).
melt from which the crystal is to be pulled 3.W.Lin and C.W.Pearce, J.Appl.Phys. 51(1980)
(see Fig.1); 5540.

4.W.Lin and D.W.Hill, in:Silicon Processing,
r R---------- (2). Ed.D.C.Gupta(ASTM,Philadelphia,PA,1983)p.

2 4.5.A.V.VALCIC,Solid-State Electron.5,131)1962).
When the melt surface height in the crucibles

is decreased by AH as the single crystale is
pulled,the total grown crystal volume is
ItR26H so the total Impurity amount taken
into the single crystal is as follows;

IRH-kC1 675
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TEN OBSERVATIONS OF annealed films. Dangling bonds rather than distorted

CRYSTALLIZED LPCVD SILICON FILMS bonds between silicon atoms in amorphous phase seem to

fascilitate solid phase crystallization.
T. Aoyama, Y. Okajisa, Y. Koike Fig. 3 shows TEN top views of annealed films

T. Suzuki, N. Konishi, and K. Miyata deposited at the optimum temperature. Grain

structures about 600 to 2000 were observed in Fig. 3
Hitachi, Ltd., Hitachi Research Raboratory (a). Fig. 3(b) shows a lattice image of the film;

Hitachi, Ibaraki 319-12 Japan inside of irregular grain boundaries, twin structures

along (111) were observed on (110) planes. Another

periodic structures, probably stacking falts, were

seen with an interval of about 101 .
1. Introduction

Active matrix thin film transistors (TFT's) have 4. Acknowledgements

attracted attention for their applications to liquid We would like to thank Y. Kawamoto, R. Nashisoto.

crystal (LC) TV's and displays. With the requirement H. Suzuki, and K. Suzuki for their helpful discussions
of monolithic drivers' integration around display and encouragement.

panels (1). polycrystalline silicon instead of

amorphous silicon is becoming important due to its References
high carrier mobility. With either materials, however,

the process temperature should be lower than about (1) J. Ohwada, N. Takabatake. H. Kawakami, Y. Ono.
600'C to allow use of glass substrates (2). A. Mimura, K. Ono, K. Konishi, T. Suzuki, and

In order to increase carrier mobility of K. Niyata, Ext. Abst, 19th Conf. Solid State Dev.

polysilicon films, the grain size should be increased and Mat., Tokyo, 1987.sp55
and the crystallinity (total crystalline volume) (2) A. Nimura, N. Konishi. K. Ono, J. Ohwada.
should be as high as possible (3). Y. Hosokawa, Y. A. Ono, T. Suzuki, K. Miyata, and

In this paper, we investigated the structure of H. Kawakami, tEDM Tech. Dig. 436 (1987)

crystallized LPCVD silicon films which were deposited (3) N. H. Hatalis and D. W. Greve, IEEE Elect. Dev.
at an optimum deposition temperature of 550*C (4). Lett., EDL-8, 361 (1987)
A number of twinning structures and stacking faults (4) T. Aoyama, N. Konishi, T. Suzuki, and K. Niyata,
were observed inside grains, to be Published in Proc. of the 1987 MRS Meeting

2. Experimental
LPCVD silicon films were deposited on glass

substrates (100 mm X 100 m) using 20 % SiH4 diluted

by He. Deposition temperature and pressure were

between 500 and 620"C, and between 0.3 and 1.5 Torr,
respectively. File thickness was typically 150 nm, as

measured by elipsometry.
The LPCVD files were annealed in NI ambient at

600'C in an oxidation reactor.

The crystallinity of the films were measured by

s-ray diffraction. the incident beam was fixed by 2"
from the sample surface. Electron spin density was
measured by ESR in x-band at room temperature. The

TEN observations were performed at the accelation
voltage of 200 kV. The LPCVD films were thined by

a solution of HF:HNO,:CHCOOH = 1:40:1.

3. Results and Discussion

Fig. 1 shows the effect of deposition temperature

on the volume of (111) crystalline component before

and after annealing. For as-deposited films,
crystalline phase appeared above about 580"C. After
annealing, however, the crystalline volume had a
aasimum for the films deposited at about 550C.

Almost no increase was observed for the films

deposited above 580C.
Fig. 2 shows the effect of deposition temperature

on electron spin density for the filmes. A maximum

spin density was observed for the as-deposited films
at 550'C. As electron spin density increased for as-
deposited films, the crystallinity was increased for
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The Role of Film Stress on the Rate of Silicon We apply the model to three important issues of

Oxidation at Low Temperature current interest: (1) the initially rapid oxidation rate at
low temperature; (2) the crossover in rates observed for

Paul Murray and G.F. Carey reactions at the (110) and (111) silicon surfaces; and (3)

Aerospace Engineering & Engineering Mechanics the occurrence of thinner oxide films on cylindrical

The University of Texas at Austin surfaces. These phenomena are not yet fully

Austin, Texas78712 understood and previous theoretical models employ
overly restrictive assumptions on the oxide stress. We

show that the new model predicts the above three

During growth of oxide films on silicon, phenomena and confirms that they are related to the

compressive stresses which develop in the film relax at high stress in the oxide film during oxidation.

a time scale proportional to the viscosity of oxide. As Moreover, use of dimensionless variables and a

the temperature decreases, the viscosity dramatically general expression for oxide stress enables us to

increases and compressive stresses become more perform calculations designed to determine the

significant. It has been conjectured that a high film important physical parameters governing the

stress at low processing temperature decreases the oxidation process.

diffusivity of oxidizing gas through the oxide film.
The growth of oxide at the oxide-silicon interface is

determined by the quantity of gas reaching the silicon
surface. A decreased diffusion rate of gas through the
oxide film (due to the high compressive stress) results
in a reduction of the overall growth rate. Therefore, it

is essential to understand mechanical stress in oxide
films and its influence on the transport process to be
able to accurately model silicon oxidation.

We present a theoretical model for silicon
oxidation that includes the effect of stress on the
growth rate of thin oxide films. Our model is based on

the treatment of oxide as a compressible, Newtonian
fluid and the assumption that the diffusivity of

oxidizing gas through the oxide is decreased by film
pressure. Expressions for interfacial pressure and bulk

oxide pressure are developed and applied to study the
effect of film stress on the growth rate. Moreover, use
of a general expression for oxide stress enables
caltulation of film thickness for both planar and

cylindrical silicon surfaces. This, in turn, leads to an
explanation of thinning in oxide films on curved
surfaces.

During oxidation the oxidizing gas diffuses through
the film to react at the silicon surface. There is a net

flux of oxide away from the moving silicon surface to

accomodate for the difference in molar volume

between silicon and oxide. Film stress exists because

oxide is compressed as it is produced during the

reaction of silicon with the oxidizing gas. A slightly

compressed oxide at the oxide-silicon interface results

in a velocity gradient through the film which causes a

compressive stress in directions parallel to the

interface. Our model confirms that high oxide

viscosity at low temperature (below 10000 C) inhibits

stress relaxation so that pressure remains high

throughout the film. Conversely, at high temperature

lower viscosity enables rapid relaxation of stress, thus

confining high pressure to the interfacial region near

the silicon surface. Therefore, stress effects are

especially important for low temperature oxidation.
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TITANIUM SILICIDE OHMIC CONTACTS To interpret the 5CR increase and the color

FOR HIGH TEWERATURE change, Auger Electron Spectroscopv (ASS) depth pro-

-.SiC DEVICES files were recorded to examine chemical reactions at

the contact surface and the silicide/SiC interface.

S. M. Tang, W. B. Berry, R. Kwor, K. L. Jacobson, AES data indicated that the silicide films, after RTA,

Univ. of Notre Dame, Notre Dame, IN 46556; were Ti rich, most likely a Ti~i. species rather than

H. V. Zeller, L. G. Matus, NASA LeRC, Cleveland, the desired Tisl2. Although the ohmic contact remain-

OH 44135; N. S. Alvi, Delco Electronics, Kokomo, ed electrically stable while heating at 6
N
o

r 
for Q.5

IN 46902; A. J. Nelson, A. B. Swartzlander, SEFRI, hours, a slight reaction was already occuring at the

Golden, CO 80401. interface. Ti was detected in the top 0t1 of the SiC

laver. A slight depletion of carbon was also noted

In recent years, efforts have been made to de- in this Ti + SiC reaction zone and a corresponding
velop high temperature B-SiC devices. One maior area increase in carbon was observed in the silcide film.

of research is on the investigation of ohmic contact To prevent this Ti diffusion, a more stoichiometric

materials which are stable and retain electrical TiSi
2 

film must be prepared. clectrical stability

quality at high temperatures. Common contact ma- studies on these new silicide films are currently

terials such as Al, Ni, W, Ti, Ta and Cr have been tinder way.

studied [1,21. However, many of these metals tend to
diffuse into the SiC during high temperature anneal- A(tN0WLSDFnGENT
ing. Au/metal layered contact structures have been

exeained using oxygen sensitive metals f3,41. rniless This work has been supported in part by NAqA-
a H

2 
atmosphere is used during annealing the metals LeRC, Contract No. WAG 3-428. NAqA provided the SiC

migrate through the Au coating to the surface result- Samples.
ing in delamination of the contact. Refractory metal

silicides, known for their high temperature stability REEERENCES
and low resistivity, may be more suitable as ohmic
contacts for S-Si

"
. Tantalum disilicide (TaSi 2l ohmic I. M. Chaudhrv, Ph.D. Ihesis, TTniversitv of Notre

contacts have bees successful at 400'C for eight hours Dame, IN (lqT8).
in air (5). In this study, titanium silicide (TiSi x ) 2. M.V. 7eler et al. , Mat Res Soc Symp 

t
Proc,

is chosen as the contact material because it has the 97, 283 (q7).

lowest resistivity anoung common refractory silcides 3. .. hssich et al., Third National Review Meetine

(6). Of special interest is the aging effect of TiSi
x  

on SiC, North Carolina qtate University, Raleigh,

on 0-SiC at high temperatures. The goal is to deter- NC (lIRh.

mine the maximum temperature for which this material 4. K.L. 'tazed et al. , Fourth National Review
retains good electrical quality. Meeting on SiC, North Carolina qtate TUniversitv,

The n-type SiC samples were heteroepitaxially Raleigh, NC (1187).
grown on off-axis (100) silicon substrates by chemical 5. JA. Edmond, et al., .7 Flectrochem qoc, I3,
vapor deposition (7). Immediately before metallina- 359 (Lg8).

tion, the samples were etched with NF to remove any 6. S.P. Murarka and P.F. Fraser, J AprI Phvs,
surface oxide. A 1000A thick TiSi

x 
layer was deposit- 51, 350 (190).

ed on the SiC surface using RE sputtering to co-sput- 7. i.A. Rowell etal. , Acpl Phvs Lett, I1, 23 (l87).

tered Si and Ti. A stainless steel shadow mask was R. F. Yphal, Solid state Flectronics, 24, AO (IQRI).
used to define the contact patterns. After deposi-

tion, the samples were rapid thermal annealed (RTA)
at 950C for 15 seconds for silicide formation. Post- w 6
deposition heat treatments were performed in a ouartz Z A 750C
tube fsrnace under a 82 atmosphere. The heat treat- - o 600C

ments ranged from 450'C to 750*C for up to 9.5 hours 14 -450'C
in logarithnic time-period increments. Current-vol- X

tage characteristics and specific contact resistances
(SCR) of the samples were measured after each heat <

1 1 2
treatment (). Standard four-point probe techniques 7
were used for the resistivity measurements. O O

Current-voltage characteristics were linear for /

the TiSi
x 

contacts. The SCR's were in the range from N P
3xD-2 to 5XlO-2 ohm-cm

2 
after RTA. Figure I shows

the normalized SCR values as function of heat-treat- cr
ment time at different temperatures. The SCR did not 0 08
change appreciably after heat treatment At 490*C for 0 2 4 6 8 10
9.5 hours. Only a slight change in the SCR was noted HEAT TREATMENT TIME hours.

after heat treatment at 6OD*C for Q,5 hours.
A substantial increase in SCR was measured after heat
treatment at 7S0°C for only 30 minutes. With contin- Fig. I Normalized specific contact resistance vs
ued treatment at 75n*C for up to 9.5 hours, a dramatic hest-treatment time. All contacts have been annealed
increase in SCR resulted, as noted in Figure I. In (RTA) at Rq50C for Is sec. before heat treatment.
addition to the increase in SCR, a color change was The 45P'C and 60n0° curves were normalized to the
noted after 4.5h at 750° . The silicide surface resistance valuie after RTA. The 750°( curve was
visibly turned brown as compared to the original as- normalized to the resistance following the (0o0 (,

deposited bright metallic color. Q.5 hour heat treatment.
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THE INFLUENCE OF PROCESS ATMOSPHERE ON Figures 2.3 and 4 illustrate the lateral

TITANIUM SILICIDE FORMATION growth of titanium silicide in different
process atmospheres, The RAS was used in

R. M. Vadjikar and R. P. Roberge* these experiments to ensure that the oxidant

Linde Division, Union Carbide Corporation contamination level was less than 5 ppm.

Tarrytown, N. Y. 10591 Figure 2 shows that lateral growth can be a
severe problem if only argon is used in the
first anneal step. The beneficial effect of

Introduction nitrogen (3) is evident from Figure 3. The

titanium-nitrogen interaction limits the

Titanium silicide is being investigated for extent of lateral growth. Figure 4 shows

ULSI metallization applications because of that addition of ammonia to nitrogen does not

its low sheet resistivity, excellent thermal further limit lateral growth, as compared to

stability and compatibility with the self nitrogen. The extent of lateral growth in

aligned process (1). However, the self nitriding atmospheres is approximately 0.4

aligned titanium silieide process is very microns. Process atmospheres such as high

sensitive to the purity and type of process vacuum, pure argon, pure hydrogen and pure

environment (2). Lateral growth of titanium helium have all been shown to cause

silicide and oxidation of the titanium film unacceptable amounts of titanium silicide

are problems which are addressed by using lateral growth during furnace annealing

nitriding process atmospheres containing low (4,5). Nitrogen can be effective in limiting

levels of oxygen and water. In this work, lateral growth, provided nitrogen circulation

the lateral growth of titanium silicide in is not limited by 'face to face annealing'.

nitrogen, argon and nitrogen+amonia process The reason for the beneficial effect of

atmospheres was investigated. It was nitrogen is not clearly understood, but it is

observed that ppm levels of oxygen or water generally agreed that titanium nitride acts

can cause unacceptable oxidation of titanium as a barrier to silicon diffusion and hence

film. titanium silicide lateral growth is impeded.
Figure 5 shows an auger profile after the

Experimental details first step anneal of a patterned wafer. The
fomation of titanium silicide is clear from

The experimental apparatus for titanium the parallel, straight line segments of auger

silicide process experiments is shown In profiles of titanium and silicon. The excess

Figure 1. In-situ monitoring of the process concentration of nitrogen and oxygen at the

atmosphere during the annealing cycles was interface of unreacted titanium and titanium

done using Linde's Reactor Analysis System silicide indicates that both nitrogen and

(RAS). The RAS is capable of detecting sub oxygen might be "snowplowed" by the growing

ppm oxygen and water impurities in the titanium silicide layer. The growth of

process environment. The carrier gases used titanium silicide should stop when a titanium

for annealing experiments were nitrogen, nitride layer is formed ahead of the

argon and amimonia+nitrogen. Unpatterned silicide layer, since titanium nitride is

silicon wafers having a 1000 Angstrom thermodynamically more stable than titanium

titanium film on the surface were used for silicide. Oxygen also might be playing a

examining the effect of ppm levels of oxygen beneficial role to limit lateral growth (6).

in the process environment. Patterned
silicon wafers with 1000 Angstrom titanium It is surprising that the effect of ammonia

deposited on polysilicon lines were used for additions to nitrogen is minimal, since

the study of lateral growth of titanium ammonia can supply more active nitrogen. It

silicide. The first furnace anneal in appears the diffusion kinetics may be

titanium silicide formation was carried out influencing titanium nitride formation rather

at 675'C for 20 minutes. The presence of a than effects arising at the titanium film

nitriding process atmosphere was found to be surface.

necessary in this anneal step to limit the
lateral growth of titanium silicide. After Conclusions
etching the unreacted titanium/titanium

nitride, the second furnace anneal was done The titanium silicide formation reaction is

at 800OC for 30 minutes, so as to reduce the extremely sensitive to the purity and type of

sheet resistivity of titanium silicide. This process atmosphere. Nitriding process

anneal step was done in argon. The lateral environments are required to limit the

growth of titanium silicide in nitrogen, lateral growth of titanium silicide to 0.4

nitrogen+ammonia and argon was studied using microns. Ammonia additions to nitrogen do

the scanning electron microscope. Auger not further reduce the extent of lateral

electron microscopy was used for depth growth. The oxidant contaminant level in the

profiling, processing environment should be kept below 5
ppm to minimize oxidation of titanium.

Results and discussions
Acknowledgements
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Abstract No. 468

MODELLING OF THE INFLUENCE OF OXIDE THE SURFACE DIFFUCION MODEL
GEOMETRY ON IMPURITY DIFFUSION INTO SILICON

The experimental results may qualitati
S. A. Abbasi and A. A. Khan vely be explained on the basis of a surface

Department of Electronics Engineering diffusion model, assuming a very high
Aligarh Muslim University dissolution rat, of boron in the oxide

Aligarh , INDIA-202002 surrounding the window. Thus the surface
concentration near the oxide edge may -1

INTRODUCTION reduced drastizally due to dissscl,t1oo
in the oxide. A significant amount of br .n

It has been reported earlier(l) that in at the surface may thus be removed towariz
the case of boron diffusion,the presence of oxide due to surface iffjs4.n(4) under the
masking oxide interferes with the diffusion influence of concentration gradient .rrs
of impurities into silicon and thus modifi the surface. This results 4n a higher vIl-
es the kinetics of these impurities. In of sheet rsistance in the A:.
particular, the measurements showed(2,3) attempt is therefore made t o eve Ip 
that the value of sheet resistance on plain theoritical model w 

"  
I • ' Iff

unmasked check slices is almost always usion profiles is the winow taking ;nt:

about 30% lower than the sheet resistance the masking oxide effetz.
calculated from the diffused resistor Refering to fig , .
measurements. This suggest that the assumptions are mads
diffused kinetics may threfore be affected a) The lengtr ' f t]. win!,w i fi
ly the presence of surrounding xide Or, large compureJ t its
the basis of a careful series of exp e ri- b) Thu flx Fz, . b"r,,: a' % rriving al

nts it is confirmed that thc actuaal disc- licon z~rfa-e is cstant
repancy depends upon d /wnwgeo.try y cT fxx .f t .LXVor at x. e is

and the process parameters. The discrepancy d) Te surface oif' a-sue,, t,
is independent of background concentration take place at Si an, i-hrfac, i-.

and surface orientation of the starting LUrf 3 if f S-
material,oxide thickness and oxide growth and Dox rspeo'ivey.
oonditions. The effect iz not however, e The max mum rat a' c- th. -r.:, m.ay

,,b erved if the boron .urc spun-on or ion e d.ss-Ived 4n d i .Z
-mp t, ,r it is observcd if lioC oxxt: ,

1,tridr is us-d as te ,ask ii. place of the CI is the is iting er, .
usual silico:, dioxide. The spreading re6s boron in the ,xide anrd Coxx to
tance and the infra red free ,arrier e:nm- concentration r in the xJ
sion measurements with respect to an oxide f The ideal one
edge on a large sample suggest that the rresponding to a single
effect is of long nature extending to ficsent in the silicon '1 lk iz assume/
several hundred microns.

RESULTS AND CONCLUICONS

EXPERIMENTAL RESULTS A system ,f

The us," of silicon nitride as the mask above assumptions was f rmulat ; ad ,et

ws none of the effects observed with the numerica
1

ly using Crank Ni

,.xide masking. The results of a careful VAX-l1/780 VMS computing sys'te-

series of experiments using the multi- resstance on the wi;ndw isexEr,- se a

layered composite masking structures invol- percentage uf its value on arca ch'k

ving thermal oxide, silicn nitride and and is denoted by esn.As no data f -r n,7.

siloS are summerised below. Dox,G and N etc. are available ii the t-

a) The use of silicon oxide as the masking rature,suitable values have yer'

material in place of Sil2 does no
t 

pro and a good agreement between the
uce any discrepancy between Q(plane) and he xperimental data is }v" I

s). or irda akmay be seen from fig.2ii g = Tiimotoside on nitride as a mask

does produce a discrepancy between REFERENCES

ej(plane) and ps(res, of the same order
as with the oxide alone. 1. J.P.Decosterd. D.7hauvy an K pub..-"'
If the surface of a masking oxide is Dependenceu f sheet resit.n..e
covered by silicon nitride, the masking geometry in .iffased $i reg
discrepancy reduces to a small order.. Electrochem c 1 , t -F ',

about 5%. 2. a.A.Abbaoi and A.Prunro hweh
d A small wdth of oxide left uncovtred effects of .. xide maskig ,-

by nitride iL enough to cause a deposition, Europhy'cL 'r, f. A's
discrepancy of about 14% between EDSDERC, York, Englandpp 100<'"'
Csfplane) and ?s(res). 3. O.A Abbasi and A Eff
If the masking oxide is doped with of masking xjd,- on .iff T,'- :It
h ,r, pri,r to deposition, the slli F, 1F Drc V 1 .,
discrepancy betwet n es(plane) and pp 57,1f 79,181

es(res) disappears altogether. 4. G.A r''morjai, 'Prin-'' ij!, f it,
f; The spreading resistance measurements Chemistry, Frenti.e 11al1, In,

c .nfirm that the use of silicon Ne-w ,lrocy, Ii"
nitride as the masking material shows
n-ne of the effects observed with
,xide masking.
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Abstract No- l4i9

The Effect of Fluorine on Dopant Diffusion It is apparent from the above result. that hoth the fluorine

in Silicon addition and covering layers hove a significant effevt on doywt

diffusion during oxtidotion. We helieved that the enhanced

U5 S. Kim ,T. Kooh, and Rt. 3. Jaocodite diffunion of As and Sb in the SiC2 , covered silicont contpured to

Sherman Fairvhild Lahorotory foe Solid State todiesth i,+SN aecuss henacdgnrto f

Lehigh Univertity, Bethlehem, PA 18015 vacanvy doting O2 /NF, onidiativo. (l)

In soumay, the balance of vacancies nd self- icteestitialo

The scaled down dimensions of devices requires ohallower junctiovi, preocrot in silicon play the role of enhancing or retarding

foe the hICS transistor, i.e. shallow p'+ and s,±jonctions. However, diffusion during oaidation. The enperimental results clearly

it is found that the diffusion of dopanto during oxidation affect the indicate that fluorine addition during onidation coone enhanced

characteristics of a short channel MOS transistor since onidation vacancy generation. We also found that a covering layer haw

enhances the diffusion of dloponts. The covering layer over the junction a significant effect on dopant diffusion during nxidation.

van aimo hone a marhed effect on the diffusion , f dupanto hy effecting

their diffusivity. (1) References
Recently, we reported the onidatiin retarded diffusion (CR11)

of boron rather than the oxidation enhanced diffustion (OED) under 1. T. Kook and ft. J. Jaccodine, AMat. Res, Soc. Syrsp. Free.,

oxidation conditinons with smnll (pripef additions of flaorine. (2) in this vol 36, 83, (1985).

Lstudy. we reported the effect of fluorine on the diffusion of 2. U5. S. Kini, T. Kook, atid R'. J. Joreurlino, J. of Electechem
nations n

4  
shallow diffusions sing P, As and Oh. The effect of the Soc., Vol 135, 270 (188)1.

vorionus rove ring layers n dupuot diffusion uning SiC2 layer,

Sin N4 layer, hare silicon wit), the control of Si N, over SiC, will he

cornpared.

Usucliralshi grown lightly duped (Ill1) orieiited silicon wafers wore

imiplanted nith P. As, aid Oh) at 80 heX' to a dune of 1.08x 10l
4
/vtnit.

reectively. Alter nneul or 800'(: fur 30 mini to give initial juntion~i

deqi'liu of 0.5 ymn for P, 0.15 1o for An, urid 0.1 pni1 for Oh. All

the .. fGr, were vniiiri at 900'C in strum to gro 2000 A thick, pard

oxide A 12110 A thick SiN, fi01 woo d 1 o)tiid by low prevsue

rhn Iic l iiti o t iipul .. ide. SubI .etjon lithogrpity iid

plasma etching were dune to fabricote a slciin structure shown 20 ~ 5 0p) 2 0 u

in f ig I Aftervilundrd cleaing procedunres, one group of wnafers

-er then ouil-di iii dry onygen iii rh le tei 1 ,atute ronge let ween

M.'iiiC ondI 1181' 1' no you trul. '[ lie other grant) of wafers were

ondinod wit the addiedl fluorine 1i.041 % by vihurne) intt , rutrte

teti petrmre ranige ii. st-tly the diffusimn bhaivior doting uxidaton us.

11, this civil1 . tie dry tonidltum with adlditionr uf NF' ( 0,C/N]I aso

onaisoiuti haso been done for timen ap to 12 hen Tlrm pi-i is

were rthens gle-Isyped anotatintnied to rtteanre the junction depth. P YESBSIAI1

In Fig. 2, or show a P difhuceil sliriuiei afrer 8 her. oxidotioni

C1 0/N F, arrilients. 1001 eons to rheeuhanced diffusion

h,,'iniu-ur hmg dry r-idtliii, tho' 10iofnu ti the liner niiWit-

and ini the Slot envereil silieunisnrered during l(t IN ',

uoidoiui It the OmnN5 divr~ ..... atn, neigligile haiige hum bieen lI g I S .. imi..e..niruictile, fi,c it ill pe lqtit illhiititful

In Fig. .1, or shiow a SI, mifuu,'t spirttuen nfter 8 his

/ N F', tloiti. ('omtpareid ro ie rte i diffusiiti if Au, .iil

lIit i the Sit)1 ra durinug Ity nntsim A., oil Oh - eal

l tere I i, lie 4 cilitvel hitg tINE inlat ti We lt,.liv',l

doi,0., e,addh hff lulc i f A , itnd 1J, a. thle It s... .s I ..... n to

rte, .- tfti.i li1 flIytt Ih,- SiN, c,-tnng layer lao

r~t- -l 1o 'iff i ..... N 1-1, ' d." ......... til."



Si3N
4  bare silicon SiO, SiO2 + Si3 N

4  Si3N 4  bare silion SiO. iO, + Si3 N
4

P diffused 
Sb diffued

layer layer

(2.65 pm). )

Fig. 2 P diffused speciern after 8 irs 0,-0.04.1 volff NI, Fig. 3 Sb diffused speri,ei aft.r -S Irs 0,-0.04 si/i NI.
oxidatioi at I O 'C .

oxidation at 1100"(

ii I



Abstract No. 470
SOURCE/DRAIN FORMATION USING SPIN ON DOPANTS Calculations of the junction depth and surface

AND SUBSEOUENT RAPID THERMAL DIFFUSION concentration were performed using a diffusion model
G.V. Sheets and M.N. Kozicki that is dependent on each dopant spieces. The

Center for Solid State Electronics Research diffusion model is used to predict the concentration
Arizona State University profile based on concentration dependent diffusion

Tempe, AZ 85287-6206 and surface concentration 13], and uses a band gap
narrowing parameter to compenstate for the degenerate

With the scaling of lineaidths in advanced doping in the samples [4]. The carrier density as a
CMOS integrated circuits, vertical scaling function of dopant concentration is calculated from
considerations must also be addressed. Lateral Fermi-Dirac equations for electron, hole, and un-
reductions of device geometries result in problems ionized donors. Using the dopant concentration
due to short channel effects e.g. punch through and profile, carrier density vs. dopant density, and a
threshold voltage shift. These problems impose limits model for mobility at high dopant densities (5], the
on the degree of device scaling. However, these sheet resistance and junction depth is calculated. By
problems can be reduced, in part, by reducing the solving the above models given an experimental sheet
source/drain junction depths. Requirements for the resistance, the surface concentration and junction
source/drain region have been discussed in previous depths can be calculated. Table 2 gives surface
work [I). It was found that reducing the juction concentrations, and junction depths versus sheet
depth to less than 0.2um for gate widths less than resistance.
0.5im was necessary to reduce the short channel
offer Is As expected, the junction depths increase as

the process time is increased. In the case of arsenic
In previous studies shallow source/drain the junction depths range from O.03um to 020um. For

regi .s were formed by low energy ion implantation and each temperature in the arsenic sample the surface
subsequent thermal annealling[2]. Tis method of concentration remains fairly constant. However, to
formation tends to be expensive, due to the capital the 1200-C case, there appears to be a surface
equipment and maintance costs associated with ion limiting reaction occuring. As the diffusion time
implantation. Also, ion implantation induces defects increases the surface concentration also decreases.
into the crystal which must be removed by a post This is probably due to limited diffusion from th
thermal cycle, which also serves to activate the doped glass. which is sln-er than the diffcs:
implanted dopants. Rapid Thermal Diffusion (RTD) is silicon, locus junction depths rouge fco- 7. 5u-
proving to be a viable alternative to ion 0.87um over the diffusion matrix. Unlike the ascn:c
implantation. Using RID to form the source/drain case, all boron samples exihibit a similar surface
region uses the established technology of spin-on concentration regardless of diffuson temperature.
dopants, with a high temperature (1000OC to 12000C), Antimony diffusion into silicon samples did not show
rapid thermal cycle (3 to 60 seconds). This paper any change in sneet resistance at 1100'C for 15
reports on the sheet resistance and junction depths seconds. Note that this sample has a O.o2um junction
achie,.ed using RTD. depth, which is near the measuring limits of the four

point probe. To date a phosphorus diffusion modelExperimental Procedure does not exist.
Czochralski-gron p-type silicon wafers of

(100) orientation, 14-22 0-cm, were used for the r- Summary
type dopant experiments, and n-type, 7-14 t-cm. were RTD has been used to form source'drain regions
used for the p-type dopat experiments. The 75 et less than 0.2um deep. This has been achieved h,
wafers where dipped in 10:1 HP to reove the native utilizing rapi; thermal cycles at 1200C, 60 seconds
sXide and then heated to 1500C for 20 minutes to drive for As, 3 seconds for B, and 30 seconds for Sb.
off any surface water. After removal from the oven. Diffusions were done at 1200'c to get minimum sheet
they where immediately spun with arsenic. phosphorus. resistance of 465 U/sq. for As, 56.8 Q'sq, for B, and
boron, or antimony dopant glasses. Th- dcpant glass 842 U/sq. for Sb. Even though iunction depth
was applied at 3500 rpm for 30 seconds and then calculations were not performed for P. shet
presaked at 125C for one hour to di-vc off any resistances as low as 6 U/sq. were obtained at 12 1O2
remaining carrier liquid. Diffusions were performed in for 60 seconds.
a Tamarack 180M Rapid Thermal Processer using a
nitrogen ambient a: atmospheric pressure. The dopants Acknowledgments
were ditfused at three different temperatures, 100C, Ve would like to acknowledge Silica Source
110000, and 12000C for four different times, 3 sec, 15 Technology for the donation of the dopant glasses. and
sec, 30 sec, and 60 sec. The temperature was ramped also Kent Ridgeway for many helpful discussions.
up to within 250C of the set temperature in 3 seconds
and on the cool down cycle was below 6000C in 3 References
seconds. Sheet resistances of the diffused samples 1. K.J. Yallup and D.J. Godfrey, Phvsica B, 129, 269
sore measured using a four point probe. (1985).

2. K. J. Yallup, D.J. Godfrey, R.A. McHahon, and H.
Results and Discussion Ahmed, IEEE Trans. Electron Devices, ED-34, 1688

Table I so s the sheet resistance for the (1987).
various diffused samples using the above method. As 3. R.A. Colclasec, "ictoelectronics: Processinp andthe diffusion times increase the shet resistance Device Design," pp. 117-161, John Liles A Sons.
decreases. In the arsenic, and antimony samples, at Ltd., New York (1980).
an, dopant toncentratins pe m'2 (r)t the O=Ns5, . J.W. Slotboom and f.tC. de Gi aa, Solid-State
and Ns is the surface concentration, th e four point Electr.onics, 19, 857 ( dQ76).
probe could not measue the resultant sheet resistance 5. G. asetti, M. Seti, and S. Solmi, IEEE Tans.
becase the resistance is cloe to that of the Election Devices, ED -3D, 7 4 (1163).
background sample tesistance.
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The Deposition of N-type and P-type In-situ ,. i ...... ;5a , Id 011.,, W I, . . ,

Doped Polysilicon by LPCVD I,1. i ,,.,ioi

J. Gan, C. Chu, . P. McVittie, K. C. Saraswat and R. M. Swanson

Stanford Electronics Lab, Stanford University, Stanford, CA 94301 3 Results and Discussion
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TEMPERATURE GRADIENT AND THERMAL components are along directions which are parallel to the
STRESS DISTRIBUTION STUDY FOR surface of the wafer [4 1. These components are functions

RAPID THERMAL PROCESSING of z and time. In our presentation, the thermal stress
induced in the wafer will be compared to the yield stress of
the silicon material. The possibility of defect generation in

F. K. Yang, S. 3. Pien*, R. Kwor
^  

the RTP will also be addressed.
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Notre Dame, IN 46556
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Transient heating with incoherent radiation from arc
lamps or tungsten-halogen lamps has been used increasingly
in semiconductor processing. The advantages of this
technique include its capability of achieving efficient
annealing in a very short time, and precisely controlled
heating ramping rate and dwell time. One of the important
applications for the transient heati"g is the annealing of
silicon IC wafers. The transient heating process, which lasts
more than 10-2 sec, is normally referred to as a "rapid
isothermal process" [LI. A commonly accepted name for
this technology is rapid thermal processing (RTP). The
cooling of the wafer after the processing is accomplished
essentially by radiation. In the standard modeling of this
rapid heating process, the temperature gradient across the
wafer thickness is usually neglected [2].

In this paper, we will report the result of a study on
the temperature gradient distribution for the isothermal
mode rapid heating process. The analytical modeling was
first formulated for the temperature distribution within the
wafer, taking into consideration the temperature-dependent
thermophysical properties and the temperature and
wavelength-dependent optical properties (3 ]. The actual
spectra of two radiation sources -- arc lamps and tungsten-
halogen lamps were used in the simulation of the heating
process. It was found that the temperature gradient across
the wafer thickness is very much dependent on the ramping
rate and the peak temperature. It is also a function of
position along the thickness of the wafer. At a ramping rate
of 600 

0
C/sec, for example, the temperature difference

across the wafer thickness is on the order of 10 °C or more.
As a result of the temperature-dependent optical properties,
a highly non-linear temperature distribution exists near the
wafer surface. The temperature gradient is therefore quite
large in the surface region where most of the thermal
activation processes such as damage annealing, dopant
redistribution and activation, and solid phase epitaxial
growth take place. As the dwell time in rapid thermal
heating approaches the sub-second region for future VLSI
processing, the temperature gradient will certainly be an
important factor to be considered. We will report the
results of the temperature gradient study for two types of
light sources, and for various rapid thermal heating
parameters, such as the ramping rate and dwell time.

Because of the temperature gradient across the wafer
thickness, there exists a thermal stress along the same
direction (z-direction). The temperature distribution results
obtained from the above discussed simulation are applied to
calculate the thermal stress inside the wafer, assuming the
so-called "free plate" condition. The only non-zero stress
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Self Gettering Effect of Ion Implanted different vendor's wafers.

N- Layers The leakage current of As np junctions
formed on IG wafers is also shown in the

Makoto OgasawaraJun SugiuraShinji Shimizu figure at a dose of 2xlOd
" 
cf It does not

and Hirotsugu Kozuka* show anomalous leakage, and the IG wafer is

thought to have strong contamination getter-

Device Development Center,Hitachi Ltd., ing effect. Therefore,it can be concluded

Oume-shiTokyo,198,Japan that this anomalous leakage phenomenon in

*Central Research Laboratory,Hitachi Ltd. lower n dose regions is caused by some kind

of contamination near the junction, and that

the gettering efficiency of a higher n+ dose

1. Introduction layer is as strong as that of an IG wafer.

To achieve high yield in Si ULSI It is thought that in a higher dose n+

devices, contamination gettering technology layer a lattice defect such as a dislocation

is becoming more important accompanied by loop works as a gettering sink. In lower

clean process technology. Intrinsic getter- dose P implanted layer,ion pairing gettering

ing (IG) and back surface extrinsic gettering may be operative.

(EG) by ion damage and by phosphorous diffu- Fig.2 shows the leakage current charac-

sion are well known as contamination getter- teristics of lower no dose junctions formed

ing. High dose ion implanted layers on ac- by As implantaion of 2x0*cnf both on wafers

tive surfaces such as source/drain regions of with and without IG. The junction on a IG

MOS transistors may alse play a role of get- wafer (D) shows a normal hard breakdown

tering sites. The gettering effects of such characteristic. On the other hand, all junec-

ion implanted layers (phosphorous(P) and tions without IG (A,B,C) indicate soft break-

arsenic(As)) have been investigated in an down characteristics. Since these charac-

ion damage gettering experiment using Rather- teristics are almost independent of tempera-

ford Back Scattering (RBS). and it concluded tures ranging from 90K to 400K, these abnor-
that such layers trapped contaminations but mal charac teris tics are no t due to

it was less effective than argon(Ar) implan- generation-recombination centers which are

tation or P diffusionJ formed by uniformly distributed contamina-

In this paper, by measuring the electri- tion but to precipitates
l

cal characteristics of n+p junctions, we will The anomalous leakage current is not
electrically clarify the gettering efficiency proportional to the junction area, but to the
of high dose P and As ion implanted layers in length of the junction perimeter (Fig.3).
actual devices, and the dose dependency. We I t suggests that the con taminat ion
will also discuss the model of electrical precipitates predominantly along the junction
characteristic degradation by contamination. edge,that is field oxide edge.

To determine the contamination element,
2. Experimental Procedure DLTS measurements were done on the same

Wafers were 10 ohm-cm CZ (100)4' off samples used in Fig.3. The DLTS spectra are
oriented p-type Si, supplied from two dif- shown in Fig.4. The spectrum of sample D
ferent vendors. The oxygen concentration of shows no observable deep levels. A hole trap
wafers kept low ([Oi]=16ppmaJEIDA) enough to level at Evo0.44eV is exhibited in the
avoid oxygen precipitation. Only for com- spectrum of sample B. This trap density is

parison, IG wafers which had higher oxygen fairly low ( lxIO
m
ci

3
) after several tens of

concentration ([Oi]=20-r.7.. -De.....-De- day ..'-sge at room temperature, and by in-
cial preheat treatment were usso. jecting miourity carriers (5'mA, Imin, at

The samples were fabricated by our R.T.) it rapidly increases to about lxldfci!
simplified CMOS process. The n+ layers were This behavior is known as the dissociation of
formed by implantation of As ions (120KeV) interstitial iron-substitutional boron
and P ions (6OKEV) on p-type substrate. The pair(FeLB). It can be concluded that the
doses were ranging from 2x1O* cinLto 5xldw ce anomalous leakage current is due to Fe
The implant damage was recovered by the fol- precipitates along the field oxide edge.
lowing N, annealing at 10000C. In this study

an Extrion/Varian DF-5 implanter was used for 4. Conclusion

implantation. Intentional metal impurities We have demonstrated that high dose

were not introduced for checking the getter- ion(P,As) implanted nolayers getter Fe

ing efficiency. contamination(an order of lO
m
ci) as effec-

The leakage currents of n p junctions tive as IG. The minimum doses for no layer

were measured to determine the gettering ef- gettering are 2xlOecmafor P and 5xIdcm
0 

for

ficiency of ion implanted n+ layers. Deep As in this study.

level transient spectroscopy (DLTS) was used The lower dose n+p junction shows

to detect the contamination element, anomalous leakage phenomenon. It is at-
tributed to F- precipitateswhich are prob-

3. Results and Discussion ably localized along the field oxide edge.

Leakage currents of reverse biased nop
junctions are shown in Fig.l as a function of 5.Acknowledgment
n- (As and P) dose. In the case of As, huge We would like to thank to N.Kawamura and

currents flow across thl junctions in lower T.Kato for their helpful discussions.

dose region (<5 xIO cem ), and low leakage
.uirent iS obtained by a dose at 5xI d' ci At .References

2xl O'cm'dose, the average current stays low, [t]T.E.seidelR.L.Meek and A.G.Cuills,

but some of the junctions show huge cur- J.Appl.Phys.,L,600(19751.

lenls. Similar dose dependence is shown in [21D.l.ecrosnier et al.,J.Appl.Phys.,2,5090

the case of P1, but the current levels are (19811.
lower compaied i As in lower dose regions. 311.H.Busta and H.A.Waggener,J.Electrochem.

This anomalous leakage current phenomenon is Soc.,114,1424(1977).

quite reproducible in fabtication lots and in 141].C.Kimerling and J.l..BentonPhysica 116B,
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THERMAL ANALYSIS FOR THE SiO 2 -Si AND Si02-GaAs REFERENCES
STRUCTURES DURING RAPID THERMAL PROCESSING

[11 Laser Annealing of Semiconductors, J.M. Poate
and J.W. Mayer, eds., Academic Press,

R. Kwor*, F.K. Yang and S.J. Pien* New York (1982).

Department of Electrical and Computer Engineering (2J Semiconductors and Semimetals, Vol. 17,
University of Notre Dame J.F. Gibbons, ed., Academic Press, New York
Notre Dame, IN 46556 (1984).

*Department of Aerospace and Mechanical Engineering [31 S.J. Pien, F.K. Yang and R. Kwor, paper 718,
University of Notre Dame The 172nd Meeting of the Electrochemical
Notre Dame, IN 46556 Society, Honolulu, HI, October (1987).

°Currently with Department of Electrical Engineering [41 I.B. Khaibullin and L.S. Smirnov, Sov. Phys.
University of Colorado at Colorado Springs Semicond., 19, 353(1985).

Colorado Springs, CO 80933
(51 H.R. Philipp, J. Phys. Chem. Solids, 32

1935(1971).

In the past several years, a great number of [6] Handbook of Optical Constants of Solids,
research works have been published on the rapid thermal E.D. Palik, ed., Academic Press, New York
processing (RTP) of semiconductors. The technology (1985).
of RTP has reached its mature stage. Thermal analyses
of transient heating processes have been the subject
of interest for some time now. The analyses for Simple
Si wafers under various transient heating conditions,
such as adiabatic, conductive and isothermal modes,
have been carried out [1,2,31, However, these analyses
are not always applicable to the actual manufacturing
conditions. A common example is the annealing of a
multilayer structure such as Si0 2 on Si, or a heat
treatment of some metal-insulator-semiconductor
structure (41. A specially formulated thermal analysis
for the insulator-semiconductor structure under RTP is
clearly needed.

In this study, a thermal analysis on the RTP of
the Si0 2 on Si structure is performed. The effect of
the oxide thickness is investigated. The analytical
modeling is first formulated to calculate the tempera-
ture at the Si02-Si interface layer. Since the inter-
action of a light pulse with a sample material is very
much dependent on the optical and thermal properties
of the material, the non-linear changes in these
properties have made the analysis more complex. We
have assumed that the oxide layer is pure, amorphous
S1O2 without any water contamination or ON absorption,
although in actuality, some deviation may exist,
affecting the optical properties of the film [5].

The temperature at the S10 2 -Si interface under
different light sources and various RTP conditions is
studied. A comparison between this interface tempera-
ture and the S10 2 surface temperature will be presen-
ted for the different thicknesses of Si02.

In the second part of this paper, we will simulate
the rapid heating process in the S102 on GaAs structure.
Because of the strong tendency of decomposition for
capless GaAs under high temperature conditions, the RTP
of the S102-GaAs structure, where the S102 serves as an
encapsulant, is of considerable interest. The tempera-
ture at the Si0 2-GaAs interface is calculated under
different optical sources and various RTP conditions.
The comparison between the interface temperature and
the capless GaAs surface temperature will be presented.
Since the optical properties such as reflectolvty and
absorption are similar for Si0 2 and S13N4 (61, the
above results are expected to be at least partially
applicable to the Si3N4 capped GaAs.
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SUBMICRON PMOS TRANSISTORS FORMED BY DOPANT
IMPLANTATION INTO TiSi 2

K J Barlow

Plessey Research Caswell Ltd, Caswell,
Towcester, Northants UK NN12 EQ

sheet resistance was -6Q/sq for the P+ junc-
The formation of shallow, low resistance tions formed by implantation into TiSi ,
junctions is an important requirment in MOS compared to -59/sq for the conventional P+
VLSI technology in order to minimise short junctions.
channel effects in MOSFETS. However,
shallow P+/n junctions are difficult to PMOS transistors, with channel lengths down
obtain since boron tends to channel deeply to 0.35pm, were fabricated by implanting
into silicon during implantation and diffuses dopant into the silicide and compared with
rapidly during futher high temperature pro- conventional PMOS devices. Measurement of
cessing. Using RTA, preamorphisation and the linear transconductance Gm, as a function
boron fluoride implants, can reduce channel- of effective channel length is shown in fig.3
ling and diffusion, whilst silicidation is and it can be seen that there is no

usedcto reduce the sheet resistance of the difference between the implant into the sili-
source, drain and gate regions. A problem cide device and the conventional device. The
with using preamorphisation and boron low field gain of the implant into silicide
fluoride implants is the creation of defects device is around 23pA/V

2 
compared to around

in the silicon, whilst flourine can increase 20.54A/V
2 

for the conventional device, and
leakage currents. Many of the problems the saturation current in the implant into
associated with shallow junctions can be silicide device is a few per cent higher at
avoided by implanting the dopant into the the same effective channel length. Fig. 4
silicide and then outdiffusinT it using a shows the output characteristics for a PMOSfairly low temperature anneal to form the transistor with an effective channel length
junction (1,2). Implantation into the sili- of 0.35pm, fcrmed by implantina B at
cide means that any ion damage is confined 5El5/cm

2
,2OkV into TiSi , and then annealing

within the silicide, uniform dopant profiles (800*C,
6
0min,N 2 ) to form the junction.

can be achieved since anisotropy and shadow-
ing effects of the implantation are elimina- In the subthreshold reqion both the conven-
ted. Also since *Ve implant process does not tional and implant into silicide PMOS devices
create damage i.A the silicon, the temperature had the same subthreshold slope 92mv/dec,
is not determined by that required to anneal fin. 5 shows a subthreshold plot for a PMOS
out the ion damage, thus low temperature transistor, with channel length of 0.4,m,
processing can be used. formed by implanting into the silicide.

Offstate leakage (Vd=-5v, Vg=lv) was found to
This work will present the results of an be less than lOpA for channel lengths down to
investigation into the formation of PMOS - 0.55pm, below this the leakage increases to
transistors, with channel lengths down to IA for a channel length of 0.454m as punch-
0.35pm, by implanting boron, of various doses through begins to control the maximum allow-
and energies into TiSi 2 and using a low able drain voltage.
temperature anneal to outdiffuse the dopant.

The reduction of the threshold voltage Vt
An advanced CMOS process, employed in our with channel length was also plotted for the
laboratories was used to fabricate the conventional PMOS device and implant into
devices. This employs trench isolation, silicide device, fig 6. As the plot shows no
oxide sidewall spacers, a 20nm gate oxide and enhanced reduction in Vt is observed due to
silicided source, drain and gate regions. the use of high dose boron (5El5/cm

2
)

Fig la,h shows a schematic of the two process implanted into the TiSi 2 layer.
schedules used to form the pmos devices. In
the conventional process flg.la after the cvd In conclusion PMOS transistors with channel
oxide sidewall spacer is formed a silicon lenqths down to 0.354m have been formed by
implant is used to preamorphise the silicon implanting boron under a range of conditions
to a depth of about 0.124m, followed by a into TiSi 2 already formed in the source,
boron flouride implant (lFl5/cm

2
, 40kV). The drain and gate regions. A fairly low tem-

solid phase epitaxial regrowth (SPE) anneal perature anneal (800C) is all that is regli-
is used to regrow the single crystal silicon red to produce P+ junctions with low leakage
whilst minimising boron diffusion. RTA levels. The PMOS transistors formed by this
annealing is followed by deposition of 500A method have characteristics the same or
of Ti and a two stage RTA process to form better than conventionally formed silicided
680A of TiSi 2 . Fig lb shows the reduced PMOS transistors. The procedure is compati-
number of steps required when forming P+ ble with submicron CMOS processing.
Junctions by implanting dopant into the sili-
cide layer. Boron implantation into the The author would like to acknowledge the
silicide is followed by a low temperature Plessey Co for permission to publish and
anneal (8O0OC N 30-120mins) to form the P+ the Alvey Directorate for partial fundinq.
junction. Fig 2shows a SIMS profile for a
P+ junction formed by implanting B at (1) F C Shone, K C Sarawat, J P Plummer,
5E15/cm

2
,30kV into a 6801 thick TiSi2 layer IEDM 1985, p40

7

and outdiffusing it using an 800C, 30 sin,
N2 anneal. The junction depth is around (2) R lui, D S Williams, W T Lynch, IEPM
0.264m, and :hallower junctions can be formed 1986, p5

8

by reducing the implant dose and energy. The
;o]l
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Abstract No. 479

ELECTRO-OPTIC SWITCHES BASED ON NOVEL CONDUCTING will yield viable switches for many applications.
POLYMER TECHNOLOGY: ENHANCING OPTICAL SWITCHING Our switching rate is defined on the basis of
TIMES known charge in film deposition and known or pub-

lished stoichiometry and No. of electrons of the
P. Chandrasekhar polymer redox reaction.

Gumbs Associates, Inc. We are currently working on a number of approaches
11 Harts Lane and novel polymers to yield microsecond domain
East Brunswick, NJ 08816 switching times. We have also developed a proprie-

tary intrinsic or 'automatic' trigger for the
Many newly synthesized conducting polymer materials polymer optical switches based on semiconductor
are serious candidates for use as optical switches electrodes, which will be described elsewhere.
in applications ranging from optical interconnects
and storage discs to laser shielding and Ile are grateful to the US Army Medical Research
switchable radar absorbers [1]. Concerted switching Acquisition Activity (Fort Detrick, Frederick, MD)
rate studies and an understanding of the factors and the Letterman Army Institute of Research (San
affecting the rate so that it can be enhaced are Francisco, CAO for generous support of this work.
however still lacking. With the aim of designing
and synthesizing novel conducting polymers with pro- References
mise for use as optical switches, and on the basis
on semi-empirical quantum mechanical (INDO) calcula- 1. Wegner, G., Mol Cryst. Liq. Csyst., 1984,
tions indicating very low bandgaps and considerable 106, 269.
intramolecular charge transfer, we very recently
synthesized a series of 2-Me thiophene (T) deriva- 2. Proc. Rpt. on Top. Mtg. Optical 8istability of
tives, two of which are 1 and 2 (Fig. 1), via a Optical Society of Anerica and Lasers & Electro-
proprietary chemical/electrochemical procedure. optics Society of IEEE, Tucson, AZ, 1975.

Electrochromic switching rate studies have been
conducted on these and polypyrro e (PP), P3MT con-
trols using both chronoamperometrsc/chronocoulomet-
ric analyses and an independent oiect~ochromic
switching rate apparatus constructi for the purpose
employing a 65 mW Ar ion laser (Newport), coupled
to a potentiostat and to an ultra high-speed Si-
avalanche photodetector (Newport) with ECL electro- 1: X= CN
nics. For device studies, 2-layer sandwich devices 2: = Br 2
oi the polymer studied comprising the polymer depo- 2
sited on on an ITO or Au (ca. 70 A) coated glass n
slide, a layer of proprietary polyethylene oxide
(PEO( based electrolyte and an additional ITO or
Au/glass slide. The quasi-reference electrode was
either Pt sputter-deposited on polyimide on the
working electrode, or an electrically disconnected
section of the working electrode. Devices were 6.
hermetically sealed with epoxy. Electrochromic
switching rate was monitored by pulsing 1 V on either
side (i.e. +- U 9 of the polymer redox peak. H2X

INDO calculations on 1, 2 indicate ca. 0.1 e- S to
X charge transfer. Effect of a number of parameters
on a predefined switching rate were studied, and it
was found that the size of dopant ion (from BF4 to
tosylate and polyvinyl sulfonate), solvent medium,
(PC, ACN), and substrate (Au, ITO, Pt) had minimal FIGURE I
effect whereas film thickness, electrolyte concen-
tration (0.2 to 1.2 M), preprocessing of substrate
with PEO and presence of effective counterreaction
(with AgCIO ) had maximal effect. Reduction of film
thickness 

4
om 10 nm to ca. I nm caused 2 orders

of magnitude drop in switching rate for all polymers
while PEO-processing of substrate and subsequent
leaching out of PEO after polymer deposition (gi-
ving better dopant access to polymer charge centers) I redo.
yielded similar effects. With I nm polypyrrolium ____

tosylate (PPTos) prepared in proprietary manner, we
observed switching times of ca. 1.0 msec, reversible
and reproducible over 300 cycles. Fig. 2 shows ty-
pical switching curves for PPTos/Au/glass (ca. 10
nm) with 10 - 100 mV/sec CVs inset. Switched/un-
switched OD ratios are ca. 10 to 80, depending on
film thickness and history. ____ Coulometric

In preliminary tests, thin films of the novel poly- t e
mers (and 2 yielded switching times of ca. 0.1 inset.
For certain optical switching applications, e.g. op-
tical interconnects [2], rate requirements as low FIGURE 2

as I picosec have been stated. However, usec rates



Abstract No. 480

FABRICATION AND CHARACTERIZATION OF SUBMICRON 0.64 um. Dissimilar metal were used to achieve
FAR INFRARED RECTENNA DEVICES desired asymmetric I-V curves. The antenna

structure was achieved as the MOM diode was being
formed by two parallel metal lines of Ni and Au

A. B. Hoofring and V. J. Kapoor which coupled into the MOM diode.
The de 1-V characteristics were investigated.

Electronic Devices and Materials Results indicated that the current dependence on
Research Laboratory voltage was linear about zero bias up to a bias of

about I 70 mV I . Beyond I 70 myi the I-V character-

Department of Electrical and Computer istics became very nonlinear. The oxide breakdown
Engineering voltage (BV) was also investigated as a function of

the tunnel oxide thickness. Breakdown voltage

University of Cincinnati was determined when the current suddenly increased

Cincinnati, Ohio 45221-0030 by many orders of magnitude at a certain bias
indicating a short circuit situation. The voltage
was ramped at a rate of 0.5 V/s until BV occurred.

W. Krawczonek BV was found to decrease as s was decreased. This
dependence was slightly less the linear and the

NASA Lewis Research renter maximum electric field (E ) at BV increased

Cleveland, Ohio 44135 slightly as the oxide thicm'ness was reduced. The
average E for the tunnel oxide thickngss ranged

from 15 mtx 39 ) was approximately 7x10 V/cm.

The fabrication processing and characteriza- Bias and current dependent transient effects
ion of far infrared rectennas were investigated. were also investigated. For a bias swept across

Tio ori isfrardm renen masfere ne siated, the device terminals employing a curve tracer, the

Tepnaiuset coponents energo f a r aiae n current at a given bias point was found to decrease
antenna used to collect energy from a radiation monotonically in time until some steady state

field which is subsequently coupled in the fors condition was reached. This behavior was attributed
of an ac voltage at the radiation frequency to arectfyin elment Th recifyng eemet sevesto trapping of electron within the NiO barcin' layer.
rectifoiog er lest. The rectifyisg element serves This current decay occurred similarly in devices of

to consort the coupled signal to some average dc aiu unl x-1etikese.TeIVcrevarious tunnel umide thicknesses. The I-V carves
power; hence energy conversion is achieved, also showed some hysteresis when a large dc electric
Previous rectennas were primairily used for as hwdsm ytrsswe ag ceeti
Firvious redatna d were primarily ed forfield was induced across the junction and an I-V
microwave radiation and have demonstrated
conversion efficiencies as high as 90%. The curve was subsequently traced. This behavior has
present objective was to estend rectennas for been attributed to ion migration within the tunnel
operation at far infrared (FIR) frequencies. This oxide layer.
work was primarily concerned with the investigation Electrical measurements were performed to
ork as ial y rectongee wi h investidetermine the low-level detection performance of the
of a suitable rectifyin g element which would MMdoe sdi h etna h urnrespnd t FI freuences.MOM diodes used in the rectemna. The current

A s etal-oi '-metal (MOM) tunnel dinde wRs sensitivity was measured as a function of dc bias
A meal-xi -metl (OM)tunnl dodewasacross the'jonction by superimposing a 2kHz sine

chosen. Conduction in MOM diodes occurs by means
wave with an amplitude of 10 mV on the dc signal

of tunneling of electrons across a thin 5 and then measuring the first and second harmonic
oxide tunnel harrier under us applied bias across rsoss h aiu estvt niae
the two metal electrodes. MOM diodes have very responses. The maximum sensitivity indicatesnonlnea curentvolage I-V uhractrisicsthe region of maminum detectability. The masimun
nonlinear current-voltage (-V) characteristies value of sensitivity occurred for a bias of 100 mV.

and are perhaps the fastest devices known. They Finally, optical neasurements were performed.have been shown to be able to detect radiat ion atFiayotalesuenswrepfred
bane vbeeswnto be mable tonetecatrs. r aiA CO laser with a wavelength of 10.6 un was used
FIN wavelengths by many investigators. Emperi- an t~e radiation source. The bean was cbopped

mental results were based on the fabrication and at afrq n o 207 Ha a r e signalpat
testng f retenas wth .8 u liewldhsat a frequency of 207 Hz and a reference signal at

tenting of reclennas with 0.6 us linewidths. the sane frequency was supplied to a locb-ioRectenna fabrication was based exclusively tesm rqec a upidt oki
on a metal l fftoff procedure using Shipley amplifier (LIA). The rectified signal of the

rectenna was measured as a function of dc bias b

AZ-i350J positive photoresist. The substrate the LIA. The FIR rectenna was found to detect

used was a 2" silicon wafer with a thermally best near a bias voltage of approximately 120 mV.
grolwn SiO2 layer on top for electrical isolation.

Following patterning the wafer the MOM diode was

formed by first evaporating a thin layer of Al used
to promote adhesion of the structure to the SI0

2
surface and then depositing a 1000 A Ni layer

under the same vacuum. Upon removal from the

evaporation chamber, liftoff was performed to
define submicron Ni lines. A thin layer of NIO

for the tunnel barrier was then formed by

immersing the wafer in an oxygen plasm to
promote oxidation of the Ni surface. The oxygen

plasma served to simultaneously grow and etch NiO

to achieve a uniform metal oxide It er on nickel

(Ni) line. Once a satisfactory NiO thickness was

achicved, a O.3 um wide layer of gold (Au) was
defined b liftoff which overlapped the Ni-NIO

laser forming a MOM junition with an area -cf
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bstract No. 481

A Wafer-Scale Thinning Process for

High-Performance Silicon Devices*

C. M. Huang, B. B. Kosicki, B. E. Burke and A. C. Anderson

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02173-0073

A uniform and defect-free silicon wafer thinning process has been a
principal need in an increasing number of new device applications such as
back-side illuminated CCD imaging devices, high-quality SOt devices and
micromechanical devices. A whole-wafer thinning process has been
developed to uniformly remove a thick, heavily doped bulk substrate from a
lightly doped epitaxial layer. The process relies on the combination of
denuded-zone gettering with improvements in the mechanical/chemical thin-
ning technology.

This wafer thinning process uses commercially available epitaxial
wafers. A denuded-zone process has been used to drive out all the oxygen in 10o Pm
the top layer of the heavily doped silicon substrate prior to the lightly doped
epitaxial layer growth Ill. The p bulk is mechanically removed from the Fig. 1. Photograph showing point defects on nondenaded bulk silicon caused

back of the wafer to within the denuded zone, resulting in a polished surface by oxygen precipitation.
on the remaining defect-free p* bulk substrate with a ± 10 an thickness ani-
orimity.

A selective etch is then used to remove the remaining heavily doped
substrate, stopping on the lightly doped epitaxial layer 12]. The selective p'
etch solution consists approximately of 10 parts acetic acid, 3 nitric acid and
I part hydrogen fluoride. The selectivity of the etching solution is low (2:1)
because some of the nitric acid is converted to nitrous acid which etches the
p- epitaxial layer. Muraoka et al. managed to improve the selectivity by
adding agents to the solution which either oxidired or decomposed the nitrous
acid. This works well as long as the substrate resistivity is less than 0.01
rihm-cm. However, most of the commercially available p substrates for high
quality epitaxial layers bave reststities im the range si q0.1 .02 k o hm-em,
where the Muraka etch is not very selective.

We have found that ultrasonic agitation can effectively remove the
sitrous acid from the etching interface and an etching selectivity as high as
25:1 can be obtained between a 0.012 ohm-cm p* substrate and a 30 ohm-cm
p- epitaxial layer in the some vicinity. A final layer thickness uniformity o
0.4 pm for a 12-pm-thick epitaxial layer is routinely obtained over an entire
3-inch wafer of 400-mu starting thickness.

The defect counts of the selectively etched surface are close to that of 20 m

the original epitaxial layer. The density of the stacking faults is less than Fig. 2. Photograph showing shallow etch pits on the epiaaial layer due to
10 cm

- . 
Shallow etch pits of a depth of 5000 A or less are caused by point point defects in the bulk. This wafer was not lapped to the denuded zone.

defects due to the oxygen precipitates in the bulk substrate. The density of
the shallow pits is around 2000 cm

-
t on wafers which were not lapped to the

denuded zone. Figure I shows the point defects on the p bulk manifested by
the selective etch, and Figure 2 shows the shallow etch pits in the epitaxial
layer corresponding to the point defects in the bulk. These shallow pits can
be effectively presented by denuding the oxygen in the inrinsic gettering pro- 111111 I
cess, and mechanically removing the p substrate to within the denuded zone.

Back-side illuminated CCD imagers have been successfully fabricated
using this thinning process, Figure 3 shows a 3" silicon wafer thinned down

to 10 pm that has lb chips of 420 u 420-ptnel CCI) imagers on it. The *
thinned CCD imagers show a transfer inefficiency better than IC

5
, and the

dark-current density (surface and bulk) is around 2 nAlcmt with no hack-side
surface treatment. This thinning process is usefal t produce high- in n 33
performance silicon devices without mutoing any device degradation.

Reference

(Il S. tsomae, S. Aoki and K. Watanabe. "Depth profile of interstitial oxygen N l
in silicon subjected to three-step annealing," J. Appl, Phys. 55, 817 (1984).
121 H. Muraoka. T. Ohhashi and Y. Sumitomo. "Controlled Preferential Etch-
mg Technology," in Si;.mgndu, igMl cn !9U, edited by H.R. Huff and R.
R Gurgess (The Electrochemical Society Inc.. Princeton. New Jersey, 1973), Fig. 3. Photograph of a thinned i-inch wafer mounted on a glass substrate
p t27. lighted from thc back sido.

This work was supported by the Department of A r Force.
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Abstract No. 482

DEPOSITIOON AND CHARACTERIZATION OF SILICON DEPOSITION RATE: THE DEPENDENCE OF DEPOSITION
OXYNITRIDE BY A 2% SILANE PECVD PPOCESS OF OXYNITPIDE ON F POWER IS SHOWN IN FIG.4

FOP VARIOUS NH3/N2O RATIO. IN FIG.4A THE
P.C.LI AND L.C.HSIA DEPOSITION RATE OF OXYNITRIDE AT PF POWER 400

IBM GENERAL TECHNOLOGY DIVISION W VS N0/5IH4 PATIO IS PLOTTED FOP DIFFERENT
EAST FISHKILL FACILITIES NHS/N2O PATIOS. AT CONSTANT PF POWER THE

HOPEWELL JUNCTION, N.Y. 12533 DEPOSITION PATE TENDS .TO INCREAS WITH THE

INCREASING N20/SIH4 PATIO, WHILE IT DECREASES
1. INTRODUCTION WITH THE INCREASING NHS/N20 PATIO.

THE < 2% SILANE IN NITROGEN OR OTHER
INEPT DILUENTS AS A SOURCE MATERIAL HAS NOW INDEX OF REFRACTION:- THE REFRACTIVE INDEX OF
BEEN ROUTINELY USED FOR PECVD DIELECTRIC FILM PECVD OXYNITPIDE FILMS VS N20 FLOW PATE UNDER
PREPARATION (1). SINCE THE GAS THUS MIXED IS THE DEPOSITION CONDITIbNS OF PF POWER 400 W,
NON-PYPOPHOPIC, THE PROCESS IS MUCH SAFER FOP 325 C, AND 0.4 TORR IS SHOWN IN FIG.5. CURVES
THE MICROELECTPONICS INDUSTRY. IN THIS PAPER A, B. C, AND 0 REFER TO DIFFERENT NH3 FLOW
THE PREPARATION AND PROPERTIES OF PECUD OXY- RATES. THE'DATA WAS OBTAINED FOR CONSTANT
NITRIDE FILMS ARE REPORTED. IN COMPARISON TO SIH4 FLOW RATE. IT IS OBVIOUS THAT THE INDEX
THE PECVD NITRIDE. OXYNITRIDE HAS LOW HYO- OF REFRACTION DECREASES WHEN THE FLOW RATE
DEN CONTENT IN TERMS OF NH AND SIH BONDS, INCREASES, ITS DEPENDENCE ON THE NH3 FLOW PATE
SHOWS LESS FILM STRESS, CAN RE EITHER WET IS CLEARLY ILLUSTRATED IN FIGS5. IN FIG.6 THE
ETCHED OR PIED, AND HAS LOW DIELECTRIC CONS- REFRACTIVE INDEX VS THE AF POWER AT VARIOUS
TANT AND TRAPPED CHARGE DENSITY, IT IS, THERE- NH3/NZO RATIO IS REPORTED. APPARENTLY, THE
FORE, AN EXCELLENT DIELECTRIC FOR MULTILEVEL INDEX DECREASES WITH INCREASING PF POWER.
INSULATION AND PASSIVATION. OXYNITPIOE HAS HOWEVER, THE INDEX INCREASES WITH INCREASING
ALSO E:EEN USED AS A SELECTIVE DIFFUSION SARRI- NHS/N20 PATIO.
EP MATERIAL BECAUSE OF ITS THERMAL STAEILITY ETCH RATE:- FIG.7 REPORTS THE ETCH RATE OF

(2). OXYNITPIOE IN A HOT H3POA SOLUTION (165 C).

THE FILMS USED IN THIS ETCH STUDY WERE MADE AT
2. EXPERIMENTAL 300 C AND 0.8 TORR. THE ETCH RATE DRASTICALLY

AN AMC 3300 LOW PRESSURE, RADIAL FLOW DECREASES AS THE AF POWER INCREASES. HIGH
PARALLEL PLATE REACTOR WITH P':PFORATED NH3/N20 TENDS TO INCREASE THE ETCH RATE. THE
CATHODE WAS USED IN THIS STUDY. 1.9% SIH4 10:1 RUFFERCO ETCH RATE VS PF POWER IS SHOWN
GAS IN N2 WAS PREMIXED WITH NH3 AND N20 IN FIG.a. UNLIKE IHE H3PO4 ETCH RATE, THIS
BEFORE ENTERING THE PERFORATED CATHODE. RATE INCREASES WITH THE SF POWER AND LEVELS
IMPURITIES IN THE SIH4 GAS SUCH AS H20, 02, OFF BEYOND 600 W.
COE AND HYOPOCARPONS WERE KEPT BELOW 2 PPM. DXELECTPIE CONSTANT - THE DIELECTS1C CONSTANT
MOST OF THE FILMS USED IN THIS STUDY WERE OF UXYNITRIDE WAS DETAINED FROM CV MEASUREMENT
DEPOSITED AT 325 C, 0.4 TORD, AND A FREQUENCY ON MIS STRUCTURE. ITS DEPENDENCE ON REFRACiVE
OF 50 KHZ WITH PF POWER VARYING FROM 50 W TO INDEX IS SHOWN IN p109.

90OW. ALL SAMPLES WERE DEPOSITED ON 4100> S
WAFERS EXCEPT THOSE USED FOR NUCLEAR BACK- FILM STRESS:-PECVD OXYNITRIDE FILMS HAVE LOWER

SCATTERING ANALYSIS, FOP WHICH THE DEPOSITION COMPRESSIVE STRESS. AS SHOWN IN FIGl0, IT

WAS CARRIED OUT ON EITHER HIGHLY PURIFIED DECREASES WITH INCRLASINE NF POWER. INCREASE

CARBON OR VITREOUS CARBON SUBSTRATES. THE OF DEPOSITIDN PrESUkE TENDS TO LOWER THE

SAMPLES FOR IQ STUDY WERE DEPOSITED ON THE STRCSS. INCREASE OF NH3/NS0 RATID WILL

WAFERS POLISHED ON BOTH SIDES. THE AS- RESULT IN INCREASE OF STRESS.

DEPOSITED FILM COMPOSITION WAS DETERMINED BY IR DATA:- THE INTEGRATED ABSORPTION BANDS OF
NUCLEAR SACKSCATTERIWG SPECTROSEOPY AND FTIP NH AND SIH DERIVED FROM FTIR SPECTRA ARE SHOWN
SPECTROSCOPY. THE FILM INDEX OF REFRACTION IN FI0.11. THE AEPS0PANCE OF BOTH NH AND SIH
AND THICKNESS WERE MEASURED USING GAERTNER DECREASES AS PF POWER INCREASES. INCREASE OF
EL•IPSOMETEP. NHSJ/N20 RAT0 TENDS TO INCREASE THE
3. RESULTS AND DISCUSSION AESOP[ANOE OF NH AND SIH CONTENTS IN THE

COMPOSITION:- FIC. SHOWS THE REGION OF FLS A

THE SILICON OXYNITAIDE COMPOSITION OBTAINED
IN THIS STUDY THROUGH NUCLEAR BACKSCATTERING 4. CONCLUSION
ANALYSIS. FOR COMPARISON PURPOSE THE COMPOSI-
TION OF LPCVD OXYNITRIDE FILMS AND THE A SLTHAN OXYNIANE PRCS FOR
SURFACE COMPOSITION OF LPCVD AND PEEVO SIS1DPSIIISLIO XNTN4 ~N IM AAN E CXYNOTIDEILMS ARE LO NCLUED.O SITA ISBEEN SUCCESSFULLY DEVELOPED. THE RESULTS SHOWAND OXYNITPIDE FILMS APE ALSO INCLUDEO.-IT IS TA H EINO e OPSTO OMTO
INTEPESTING TO NOTE THAT THE SI CONTENT OF THATITHE R IO THE POSO FORTIOTHEFILS S AMOT CNSANT43 TO37ATI ,IS CONSISTENT WITH THE PREVIOUSLY REPORTEDT HE FILMS IS ALMOST CONSTANT (34 TO 37 AT%).DT 3.TE IM HSCOWAESPPO
WHILE THOSE OF N AND 0 VARY QUITE SIGNIFICANT-
LY WITH THE PREMIXED GAS RATIO. THIS "BAND" MECHANICAL, ELECTRICAL, AND CHEMICAL

APPEARS TO BE INSENSITIVE TO THE DEPOSITION PROPERTIES AND CAN FIND MANY APPLICATIONS IN

CONDITIONS SUCH AS T, P, AND AF POWER. IT CAN THE MICROELECTRONICS INDUSTRY.

ALSO BE 0BSEPVED THAT THE COMPOSITION OF ALL 5. ACI'NfWLEDOEMENT

CVO FILMS OF SI3NA AND OXYPITRIDE, EITHER THE AUTHERS APE VERY GRATEFUL TO
PECV[OQLPCVD. FALLS IN THIS GENERAL REGIONIN P'SAUNDES, M. MONVDWSKI, CL. STANDLEY AND
GCNERAL THE SURFACE LAYER HAS HIGHER 02 NANCY KLYMKO FOR THEIk ISSISTANCE.
LONTENT THAN THE BULK IN FIGS. 2 AND 3 THE REFERENCES:
CUNTENT OF 02, SI, AND N2 IN THE FILM VS SF 1. P.C. LI & J. GALLASHER, EXTL,:CD AESTRACT
POWER IS REPOPIED. IT CLEARLY INDICAIES THAT 05 (2) 42T7 ECS MEETING 1985, LOS VECAS
THE SI CONTENT IS VERY MUCH THE SAME AS SF 2. A. HOSHIMOT0, M.KOAYASHI, TRKAMJOH
POWER INCREASES, WHILE THAT OF 02, AND N2 H.TAKAND, AND M.SAKUTA
VARIES SIGNIFICANTLY. THE DIFFERENCE BE'TWEEN J. ELECTROCHEM SOC. 133 (7) 2464-7 1956
FIG.2 AND FI 3 IS MERELY A CHANGE OF NH3 T0 2. V.S.NGUYEN, S. BURTON, AND P.EAN
NED PATIO FROM 0.53 TO 1.05 J. ELECTPOCHEM SOC. 131 (10) 2B30-L3 :9D4
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Abstract No. 483

miN E1U;H Rnll >2591Y OF" lH_ RhN-LUtn.i
TliO'-LPCVD SiC 2 F I L41

ikSr~escu C Pavelescuaendt LB6N A 2 7
- ne or Semiconductors C -IT-Ct),

btr.irou Iancu Nicolae 323 ,BC-7 2996, aI 2 70

Bucharest ,RomaniaoN270*

Introduction 1 aum70*

The use of CVI) SiC- films in the serriconduc- 1) A 2ul 7000 1C
tor technology rak~s necessary the annealing y Vacuum 100t -

of these films at high tempertures(l).ihe
TECS-LPCVD AiC films have been shown to pre-
sent a superio step coverage in comparison
with the widelytused SiR cxi le (,). I £ A
The purpose of this pripe is to studly thr'
densifiction process of TLCJ -LCV iC f 3
vs. annealing parameters (temper.,'tuLre, t Me, 6
pressure).

Te 2 inch silicon substrates oere cleriuciu
inta H O /1(50 solution at 8o C,leicni'aed 2
water ind 4 

then 3
dipped into a 5v 11F.4

temperature of 750 C and a pressure of C.4 AC
torr.After the iC- filrns anneIAing: in vrcu- S
urn or dry N sithiA the temperature rouge Wj 2
of 75o- loot C the films thicknesses
were measure using an ellipsemeter. 4'
The etch rate in p-etch solution (2 vol H:
7o,6+3 vol 11? 492.-to voll C )ar Ieterriji adI
as showna previou~ly(4) ,te etching. te.mner '- 0 go- 75 100 125
ture being of co C. Densitication Time (min)
R~esults and Discussion
The etch rate curves of tiC fli tliesall
annealed vs.the 7-' 5oC . ho tc 'ovri'siQCA
temperr-ture show a higher e' oh rate 'or the et e v vs. 31 '.1' 2 1 tti .i
films anneales in vacuum it. c,.;parn .it> h v'_1 .ng ' a-, 1 w
those annealed in dry N ,the differeonce 11; re:
creasing -ith the len ri icjtion tirne, ri in
both cases the etch rate do 't ses o 1!.e
lensific!tior tioe incre ses i 1 Ict. so, I

1ru 2)'.3cr the iC ~( an a
ums pres-.ts . hiF~e. etch rate in ccr0r
.son with the fil~rs annele i n 'c'' 1 no
the Jensificatior tegi ar iure v iei ith in
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Abstract No. 484

AN ANALYSIS OF THE CHEMICAL STATES OF PHOS- On the other hand, the APCVD-PSG films

PHOROUS IN CVD PHOSPHOSILICATE GLASS FILMS with phosphorous concentration in the 1-5Wt
, range resent a weak absorption band at
1325 cm

-  
associated to the P=O stretching

C. Pavelesou, R&D Oenter for SemiconductorS band (1). However, for a PSG film with a
(CCSIT-CE), Str. Erou Inu Nioolae 32 B, phosphorous concentration of 4.5 wt %, this

R-72996, Bucharest, Romania. band is well resolved after 15 minutes of
C. Cobianu, Microelectronio, Str. Erou heat treatment at 800

0
C in dry N (1), indi-

lanou Nicolae 34 B, R-72996, Bucharest, eating the possibility that in tUe as depos-
Romania. ited films phosphorous may be incorporated

nt ro~dut8ion as Po , PH, or in P-Si state.
The-ACVDNPSG films with phosphorous con-

The chemical states of phosphorous incor- centration above 5 wt % presents a well re-
porated in CVD phoephosilicate glass (PSG)
films were detected by different methods (1- solyed absorption band of P=O bond at 1325

cm , this band showing a little change for
a film with a phosphorous concentration of

The purpose of this paper is to analyse 7.7 wt % after densification at 800 C (l).
the chemical states of phosphorous from as- From the above statements, it should be
deposited and temperature annealed PSG films concluded that the clasic formulation that
used in technology for semiconductors, phosphorous is incorporated in the PSG films

as Poo (1-3,5) is not a proper formulation.Results and Discussion Indeed? P2 0 appears in solid state in theThe -phosphorous atom has in fundamental hexagonal 2f~rm which contains P 0~ molecules
s tateI in its 4 shell the electronic c onfi- hxgnlfr hc otisP, oeuestatein 3s'3' (7) hihl a s the elctonc ni (4 PO tetrahedra), or in the o'orombic
guretion 3e 3p (7) which Justifies the tri- form fwhich is formed of rings of 10 PO to-
valent behaviour of this element. trahedra each) (7), these polymorphous io-

-PSG films (deposited in difications of P2 0 being not found up to
a Si:R-PH -0, system at temperatures in the 5
300-5KOCrege) with a total phosphorous now in PSG films with phosphorous concentra-

concentration in the 2-11 wt %- range, a tion in the 0-12 art % range.smalltaon of phsphoro was detected Therefore, a proper terminology is propo-small amount of phosphorous was dethough sed in order to characterize the ooncentra-
as being incorporated as Pio or PH3 though t inf
the mainly part was inoorpgr~ted as P 0 (5) ti o h phophorous incorporated in P tG fil-
It should be mentioned that phosphorogs

5
in- ma: (i) the phosphorous incorporated in the

oorporated in the PSG films as PH disap- pentevalent state as (C. )EP complex, given
pears after a heat treatment at high tempe- in wt % phosphorous- I) the phosphorous
raturas (92000) regardless of embient, while incorporated in the trivalent state as PH
tetreatmen o9 f r s 0 aor P 0 given in wt % phosphorous and (iii)
the treatment of P2 0 man oxidizing ambi- the gaeal formulation of wt % phosphorous.
ent removes P,0 fro the film(5). to give the total phosphorous concentration

However the
3
phophorous is known to be in the film.

pentavalent, due to the fact that one of
the 3e electrons can easily advance on a 3d Conclusions
orbital, with not to high an energy level, The phosphorous incorporation in the CVD-
resulting in a sp

3
d hybridization (7). On PSG films should take into consideration

the other hand, PO4 tetrahedra with one in- the following phenomena: Ci) the phosphorous
active vertex from chemical viewpoint occur th follorateomna: U) t e rous

in ll olmorhos mdiicuios o P0 in is incorporated mainly as (0 3 )HP-0 tetrahed-in all polymorphous modifications of P205 ra (pentavalvat state) which are randomlyIndeed, in the LPCD-PSG films (deposited distributed in the quasilattioe; only threeIneed, -P sem at G ailms temperatured f of the four oxygens coordinating each P atomin s TEOS-O2-PH system at a temperature of arbidig(i)oyasmlaontf

640 C) with 
2

pho~phorous concentration in the are bridging; (ii) only a small amount of
5.5-7 5 mole P C range, the phosphorous phosphorous is incorporated in trivalent
is5-ncorporaed ioO anethe p hotstaru state as P 0 or PH and (iii) phephorousis incorporated n~the pentavalent state, is incorpoVesd in Jhe P-Si eta eaintersti-
mainly as (O )=P=O complex as reveajed by t
the P=O absobtion bend at 1330 cm

-
' (3). ial state) due to phosphroua atom interpo-

Also, the infrared absorption spectrum of sd between SiC4 tetrahedra.
heat treated PSG films reveals that only a References
small amount of phosphorous is not comple-tely oxidized in the as-deposited film 1.) iW. Kern, RCA Rev., 37, 55 (1976).

(3). 2. J. Wong, J. Electronic. Mater., 5, 113
In fact, the ESCA 

2
p spectrum of a 8 (7

phosphorous doped PSG films, reveals the (1976).
phosphorous incorporated in the P-0 state 3 R.M Levin J*. Electroohem. Soo., 129
substitutional) due to phosphorous atom 176 (1982 CN

substituting for Si in the SiO tetrahedra 4. C. Paveleou, C. Cobianu, N. Vahovic.
and also in the P-Si state (interstitial and C. Ghia, ibid., 132, 359C (1985).
state) due to phosphorous atom interposed 5. A.K. Learn, ibid., 132, 405 (1985).
between the SiO tetrahedra (6). 6. D.K. Wu and A.N. Saxena, ibid., 132,

The PSG filmi, deposited at atmospheric 932 (1985).
pregsure (APCVD) and low temprature (400- 7. P. Balta and F. Balts, "Introduction to
45Cssue ()Cin U) andl-ow ytematur e 00-Physical Chemistry of Vitreous State,
450 C) in a SiR -PH -o -N2 system, with aAbcsPe.aphosphorous con ent etion in the 0-1 wt , Abacus Press, 1976, p. 155.
range , presents a differintia± infrared ab-
sorbtion band at 1100 om

- 
, which was assig-

ned to the P--Si three center linkages (4)
(the bridging oxygens are bridging a pair
of Si and P atoms (2)).
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Abstract No. 485
The physical foundations of critical thickness ED = (11AB'P/2,2)'(,) 1 2-1oc/11ABP,

calculations in epitaxy
for crystals whouc thickness h < p/

2
. Y is a simple

.H. van der Merwe and W.A. lesser* function and 
0
AB an interfacial shear modulus The

presence of LIAB and , in E and accounts for theDonortmont of Phiysins, University a' .t-i: tot-.a,

Petoria 0002, South A:Yi.. interaction strengths and c/p = f for the misfit
(or E/ = ? for the M1D's). The foregoing, when combined,

A coherent epilayer, which is subcritical at the defines the functional dependence of the total energy

monolayer level, becomes critical at a thickness h(f) E = E(h, f; I or f) per unit area of interface. Mere
recently, these phenomenological model calculations

or, alternatively, at a critical misfit f,(h) and loses have been extended to ab initio calculations, using
interfacial coherence by the introduction of misfit appropriate interaction potentials (4).
islocations (MiD's). The calculation of h. and f, has The simplest mathematical technique (1,2) to calculate

recently become topical. The ph4 aial principles - the critical quantities is to let T - 0, or equivalentE
particularly the equilibriuv-nonequilibrium nature of e P f. In tie equilibrium case one first obtains the
the relevant processes - and the models employed in the equilibrium equations I by mathematical minimization
calculations, are briefly analysed and given of E with respect to e or f, or equivalently (ii) by
perspective (1). setting the work needed to acquire a MD, enual to zero;

The misfit is usually defined in terms of atomic 0 = 1W =-Fds, and (iii) when the force F needed to
spacings a and b as acquire the dislocation is constant, by setting the

force itself equal to zero; 0 F = F - F, and
F = (a - b)/c thereafter equates the minimizins values as follows:

for an overlaypr A and a substrate B. The value of c em 
= f 

or Tm = 0. Case ii) normall applies when

depends on a and b and the thicknesses hA and hB. In MD's are generated from threadino dislocations; F- and

the coherent configuration f is accomnodated completely FD being respectively tile Peach-Koehler MS force and
by misfit strain (MS 1 e = el). When MD's (f) also
occur, the relation the line tension.

Calculations for non-equilibrium critical quantities
f +Pe usually involve calculating (i) either the relevant

activation energy harrier height U in a given casem
where P I when B is thick and otherwise depends on (4), (ii) or the MS e =f at which U comes in the rane
thicknesses and elastic constants, applies, m

The epigrowth and C-IC transition processes are of thermal activation (5), or nishes so that xM's
driven by (free) energy gradients and retarded by a form spontaneously, (iii) or at best an attempt to set

hierarchy of energy barriers. The barriers involved in up and solve a dynamic eqsation for MS relief (b).
growth e.g. in adatom migration, are more or less fixed, Examples of the application of the criteria describe
and, whereas the barriers involved in the acquisition ase and their correlation with esycrient are con-
of MD's. e.g. the Peierls barrier, are normally much sidered. It is concluded, that while observed critic:values Cir 'ictals acree reasonaly s-ill wirh ooil-
larger, thev may be reduced - even to elo - 1,v MS

stresses. Progress towards the equilibrium minimum brium predictions. this is nit true fir mono covoley:
(free) energy configurations, is facilitated b thermal bonded semiconductors. 1,7ere~as, the importance of pa-t
activation. Clearly, at a given substrate temperature and future calulation, based on te phnnoenlo b
and adatom supply rate, either or both of tile processes mndl, ar reconizd, the incrasins role of ib

of growth and C-IC transition may be far from, or

arbitrarily close to quasi-equilibrium. We shall assume
that growth is layerl ike, which is exact for quasi- REFFRFNCFS

equilibrium growth when the AB bonding exceeds the AA
bonding, but ic otherwise (approximately) realized bv 1. J.. van der Met-ie ind .A. h sse-r, 1.Vo
an appropriate adatom (nonequilibrium) supersaturation. (ISIS) sibnitted.
In most calculations the AA and 1I atomic interactinli

have been modelled by harmonic forces which give tie . I atth e- , in Di-- iti , in ,,lid,, eit- d
MS energy as by F.R.N. Nabarr, , (North Ilolland, Aic,,rd -, I

vol 2 ehapt. 7.Ei- = [2u(l + al/l(I - a)hbs

e. 1.8. van der More, 1. Ai-fl . ehvs, A,. 12;
when the interface has quadratic sytmnetry; . and .
being respectively the shear midulus and Poisson's 4 .l.P. thirth ad A.C. f 1.ns, I Appl. Phes, iv, ( .
ratio. For the AB -oert c, either the Frenkel- (19Ib),
Kintorowa model that represents the interaction in
terms of a truncated Fourier series whose wave leongth 5. I.Y. Tsao, 5.,. ils-n, f.T. 'tiir d .'.
and coefficients are respectivly related to the Cor-nv son, phis. Rev. lIti. ( ft Iu- itt. .
.rystal periods and the AB bond strength, OR, the
Voiierra 1V) model that requires perfect atomic h. 1.14. loidson: l .Y. Tsa, APgl. o', Let:. (1s

registry it tile interface except for a singulirity ,i submitted.
each MD line, is used. The PK model has the advantage
of aking provision for the AB bond strength, when-1as f.-roatnl iddress: I,.ar lon ,, M tei t-, ti.',
the V model displays mathematical simplicito in ini veri, f Virci ii i ar! i , -vi li, i 2: .
handling the thickness by the introiductioin if a "cit oft
radius" R for tie strain field (.):

I b'- = bi/")) in(R/hil I, 11 l A)/'A+ B -, /,;

R p/ , ar I A  for hA  

" 
p/ or I A

.nd p .ir rsip,., t wivl ,, MD .iI .ti i. o s... . l.
win B i - thi, o n - h - mii , I )



Abstract No. 486

THE ELIMINATION OF INTERFACE DEFECTS IN have eliminated the dislocations at the interface, as can be seen in
MISMATCHED EPILAYERS BY A REDUCTION IN Fig. 1 (c), which is a 67-pm diameter circular pillar. This effect is

GROWTH AREA observed in other geometries as well, such as square and rectangular
areas.

E.A. Fitzgerald, P.D. Kirchner', R. Proano, G.D. Pettit, J.M. The 7000A (>8 times the critical layer thickness) Ino.05Gao.95As

Woodall*, D.G.Ast layers on the pillars showed similar behavior. As the lateral
dimension was decreased, the dislocation density decreased as well.

Department of Materials Science and Engineering, Cornell Altholgh some improvement in interface dislocation density for the
University, Ithaca, NY 14853 8250A In0o. 5Ga 0 .95As layer could be seen in CL images, the

interface dislocation density remained high even at 25-Ism size
*IBM T.J. Watson Research Center, Yorktown Heights, NY pillars.
10598 Fig. 2 is a plot of the linear dislocation density along each

<110> direction vs. the diameter of the circular pillars for the 3500A
Interface misfit dislocations in mismatched heterostructures can In0 .05Ga 0.95As on the I.Sxl05 cm-

2 
GaAs substrate. For each

be eliminated by preventing the nucleation of misfit dislocations, by pillar size, a number of pillars were analyzed and an average
minimizing dislocation multiplication, and limiting the glide of dislocation density was calculated. The figure clearly shows an
existing misfit dislocations. Possible nucleation mechanisms such asymmetry in dislocation density for the two <110> directions. It is
as the glide of threading dislocations, multiplication of misfit well known that misfit dislocations lying along the two <110>
dislocations, and the formation of surface dislocation half-loops directions ins (001) plane (termed a and 0) have different structure7
have been discussed by Matthews, Mader, and Lightt

' 3
, and

dislocation multiplication has been discussed in detail by Hagen and and mobility
8
. The a dislocations have a higher dislocation mobility

Strunk
4
. Matthews, Mader and Light originally attributed the and lower activation energy than the 0 dislocations. The large

formation of misfit dislocations to the lateral glide of threading asymmetry in the dislocation densities suggests that a dislocations
dislocationst. They point out that if threading dislocations were the
source of misfit dislocations, one should be able to reduce the nucleate more readily than 13 dislocations.
density of interface dislocations by limiting the lateral dimension of Another feature to be noted in Fig. 2 is that the [1101 line nearly
the sample before growth because too few threading dislocations passes through zero. This indicates that no other nucleation sites
would be present to nucleate a large number of misfit dislocations, that are independent of area have become active. The linear
However, it was observed that the number of misfit dislocations at dependence also indicates that no dislocation multiplication is
the interface exceeded the number of misfit dislocations that could be occuring, since a power-law dependence would be indicative of
generated from threading dislocations

2
. Hagen and Su ink dislocation multiplication. Thus, threading dislocations are the only

proposed the interaction of misfit dislocations as an additional active nucleation sites on these pillars.
source of misfit dislocations

4
, and Matthews considered the surface If we assume that there are a number of fixed nucleation sites per

nucleation of dislocation half-loops to be a possible explanation for unit area (threading dislocations and surface inhomogeneities such
the observed dislocation density

2 3
. as particulates) that are responsible for the area dependence of the

Reducing the interface defect density by limiting the lateral linear dislocation density, then we calculate from the dislocation
dimension prior to growth should hold true for any nucleation density dependence in Fig. 2 a misfit dislocation nucleation site
sources that depend on area, such as dislocation interactions, density of =2x10 5 

cm
-2

. Recall that the density of dislocations in
particles, and threading dislocations, as long as the misfit is not the substrate was 1.5x1O

S cm -2. The calculated nucleation site
large enough to generate other sources of misfit dislocations such as density is larger than the threading dislocation density from the
surface nucleation. If non-area-dependent nucleation sources do substrate due to particulates at the interface which can nucleate misfit
become active, the reduction of dislocation density with growth area dislocations, as observed with CL.
will still be observed, but the lowest achievable dislocation density A furthur proof that threading dislocations are the only operable
will be higher than if these sources were not active, source is shown in Fig. 3, a plot of a 3500A In.075Ga0 .925As film

To demonstrate this effect, we have fabricated 2-Igm high pillars grown on pillars fabricated from the 104 cm
-2 

substrate (recall Fig. 2
of GaAs in a (001) GaAs substrate with dislocation densities of 104 is data from the 1.5x10

5 
cm-

2 
substrate). As indicated by the large

and 1.5x10 5 
cm-

2
. Pillars with a variety of lateral geometries decrease in the slope of the lines, the nucleation site density has

(circles, squares, rectangles and triangles) and dimensions (2- indeed decreased. We calculate from Fig a nucleation site density
400gm) were fabricated with very high aspect ratios. A 1500A of-4x104

, -one order of magnitude lesc than Fig. 2.
buffer layer of GaAs was deposited by molecular beam epitaxy at In -lone deoitude les n Fig 
550' C. followed by 3500, 7000. and 81250 A of InGa 1-,As. In conclusion, when depositing epilayers on a large wafer, one

has to contend with nucleation sites across an entire wafer; the0,05<x<0.10. All layers were doped with Si to 1018cm-3 to nucleating dislocations can glide across the wafer area resulting in aincrease the intensity of the cathodoluminescence (CL) signal. CL high dislocation density. Also, many dislocation interactions occur

was used to determine the quality of the interface by imaging the and result in additional misfit dislocations. The reduction in lateral
dislocations in the interface plane. CL was also used to determine dimension reduces the interface dislocation density by decreasing the
the substrate dislocation density, 1.5x l0

5 
cm 

2 
and 104 cm-

2 
for the number of active nucleation sites within that area and by preventing

two types of substrates used. dislocation multiplication by minimizing the distance a dislocation
Data from the circular pillars will be discussed in detail. Fig. must travel to reach a free edge.

l(a) is a CL image of 3500A (> four times the critical layer I. 1W. Matthews, S. Mader. T.B. Light, J. AppI. Phys. 4L, 3800
thickness) Ino 05 Gao.95 As on GaAs (p=1.5xl0

5
) without any lateral (1970).

restriction (i.e. >1000 pm). The 15 keV, 80nA electron beam was 2. J.W. Matthews, A.E. Blakeslee, S. Mader, Thin Solid Films,
perpendicular to the interface plane. Defects appear as dark lines ;n 33, 253 (1976).
the image due to a decrease in the amount of band-gap radiation 3. JW. Matthews, J. Vac, Sci. Technol., 12. 126 (1975).
emitted in the vicinity of the defect. There is such a high density of 4. W. Hagen, H. Strunk, Appl. Phys.. 17.85 (1978).
defects in Fig. I(a) that we are not able to accurately determine the 5. E.A. Fitzgerald, D.G. Ast, P.D. Kirchner, G.D. Petit, J.M.
dislocation density due to the spatial resolution limit of the CL Woodall, J. Appl. Phys., 3, 693 11988).
technique. In high defect density interfaces, the dislocation density 6. E.A. Fitzgerald, Y. Ashizawa, L.F. Eastman. D.G. Ast.
is actually much higher than the dark line defect density

5
. In Fig. accepted for publication in J. Appl. Phys., 15 May 1988

I(a), we can estimate from the dark line defect density that the linear 7. M.S, Abrahams, J. Blanc, and C. Buiocchi Appl. Phys.
dislocation density is greater than 5000 dislocations/cm. Lett., 21, 185 (1972).

Fig. I (b) is a CL image of a circular pillar with a diameter of 90 8. H. Steinhardt and P. Haasen, Phys. Stat. Sol.. (a) 49. 93
pm. On this pillar, the interface dislocation density is much lower (1978).
than that seen in Fig. I(a) for the large deposition area. The defect
density is low enough so that each dark line corresponds to a single
misfit dislocation

6
. By decreasing the lateral dimension further, we

-It



3000

00

2500 0 [110]

2000

1500
q) [110]

-- 1000
a .pm /

2 500 /

S 0
0 100 200 300 400 500

Circle Diameter (microns)

2. A plot of linear dislocation jensitv vs. the diameter of the pillar
for the two <110> directions for _5(X), Ino 0 5Gao 9sAs layer on

1.5-05 cm-
2 

GaAs.

C

3000
b i~m_

00
2500

0 0O

2 1000

.2

o 500 0 0
00 o

CC S_ 0 100 200 300 400 500

I. CL images of the 350 In0.5Gao.9sAs layer on 1.5xl1
5 

cm
"2

GaAs; (a) with no lateral restriction; (h) on a 90I-pm diameter 3. A plot of linear dislocation density ,,s the diameter of the pillar
pillar. Mc on a 67-pro pillar. for the two < I 10> directions for 15M0. Ino ()7,sG-i ,sA, Jlaer

on 10
4

cm
2

6aAs.

n i •la ll~lal • n IlwimUl~mnmC



The Partitioning of Elastic Energy During Misfit Dpnigo h ubro ulae ilctostesrsDislocation Formation in Heteroepitaxial Dpnigo h ubro ulae ilctostesrs
Layers. decreases more or less rapidly. The dependence of density pi onl

layer thickness h can be approximated by the following esperimental

Z. .J. Radzimaski and G. A. Rozgonyl. formula:

Department of Materials Science and Engineering P =A[ I h, (2)
North Carolina State UniversityLh

Raleigh, NC 27695-7907
The parameter A in eq. (3). can he correlated with the total densit)

S. M. Bedair of misfit dislocations which can be formed either from preexisting

Deparotent of Electrical and Computer Engineering threading dislocations or surface nucleated during epilayer grow ti-.
North Carolina State Universiy"i lt h iftsri s hcns eednecluae

Raleigh. NC 27695-7911FiIpltthmiftsrivsthcnsdeneceacutd
from eq. (1) and (2) for different values of A. The shape of this

To-date, various metniods have been employed to reduce the curve can be adjusted to match literature data t5.61 Simply byv
dislocation density. One of the more successful techniques is the use adjusting the value of A.
of strained layer f t4t. The principal goal for using a strained layer as The strain energy E,, associated with interfacial strain may
a defect reduction tool is to apply the intetfacial stirain to glide oat of he excpressed as 161i
the wafer pre-existing threading dislocations before they enter the lv 3
electronically active devire laver. The main source of force acting on E. (a1"""j ebh

the dislocation line that extetnds from the sutbstrate comes front the

mismatch, f, between the film and substrate lattice parameters. The i 'th:

strain energy associated with this misnmatch is proportional tos layer E = f for ht hr

thickness until the critical thickness. ho, is reached at which the r f - d for h > hr

substrate dislocations glide along the interface. These ierfacial where: p1 the shear modules,
misfit dislocations accommodate part of the lattice mtsmatch and v -Poisson's constant.
decrease the energy of the layer/substrate system. C the residual interfacial mtisfit strain

Other problems which has to be addressed while discussing d temsi com,3e ydsoain

misfit reaxatitin phenornena is substrate surface imperfertison which The strain energy vs. thickness calculated using 0i and
exist prioir growth, and nonunifornitties in ronmpositioin and misfit r from Fig. I ts shown in Fig.2. The critical thickness was
thickness during grovith. These 'are additional sources of local calcuilated using Matheeas modiel "~I For loss A ,alues the gradient
stress, where new dislocatiion may be formed The predominant sif straiti eneirgy increase is slowker once hc i, exceeded l io,secr
mechanism for dislocation formation appears it) be surface sources, note that followinig 11tisfit ilocatisn torntation at low den 5 ii (lie
fitr example contaminatiitn. surface microsrolcture, or other surface average residual energy still Increases with la,,er thickites. whereas
perturbations that cause the local stress to increase above the avecrage for high A values there is a sudden decreilse ot interficial energs
value resulting frotti mistttatch. In this case the dislocatiitn heliw the energy level correspoinding to h,. We nia% tntriiCe lie
nucleatison may occur at loiwer valur of tntsfit. i e at lower h,, than critical value A, of paranmeter As at which thr strain riergs gradsit
that suggested by theuies assatiting aI [wrfet surface. This nau' alsit changes sign 1'rntil the value oif A is he low A, - one ct-i ,i'sste That
explain why observed d islocation densities are frrqluently higher there is sttl II driving force as ai Ible at til l intfc tit g!!d,-

than predicted byi theitries TIhe hauild LIP anid relax atiiin of lattice dhimslantiitt out iof Tie wafcr liiis, Ix'has ior oI traimcd Ns temt's
tnisfii strain is then sine if the main problemis associatedl with the tibsersed lor en anupl in Ret I4-1 lie druM)at1 ic e, rise1 it

growth of heteroepitasual structures for A > -%, "s ill reduce lie effecotirnes- Mi dir " -c' e ill,* 1'.0
After nucleatiion itt misfit dislocattions the residual strain tma, escit lead toi ilefeci :111iplicaiin Iit i, oien'',trcss\C1 .,1s 01f

cointinue to, he at driving fiirce fur giling pee c vistung substrate ti be able t eiittitr useh eipcses s %tlsie ,it k5 tor Its-'i l!'" , i'c
dislocations, depending ott the 

t
er iN (if ittsfit disilocations, formted structure priot ioi epilatser grow h lhe ituithct ,' s

5
it

at the interface The re sidutal it nrfacuial strain.- I , Ln be' eispre 'ccc threaiditig dislIssitoiits u bi hi i itihience the nake it A "I iI'- f'0'
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In conclusion, it is our aim to correlate a simplified5A=.10
theoretical model wiih experimental data for a variety of strained A ll
layer systems, and io distinguish various sources of stress relaxation 4 x0
and their influence on defeci propagation. 2
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STRAIN AND CRITICAL THICKNESS 2. S. T. Picraux. L. R. Dawson, .C. Osboumn. R. M. Biefeld and W. K.
Chu, Appl.Phys.LetL 43. 1020 (1983); W. K. Chu. C. K. Pan and C.-A.

IN GaSb/AISb: AN ION CHANNELING STUDY Chang. Phys.Rev.B28. 4033 (1983).

H.4. Gosnmann, G. P. Schwartz, 3. H.-J.Gossnann and L.C.Fetdman, MRS Bulletin 12(6). 30 (1987).

B. A. Davidson, and G. J Gualtieri 4. B. W. Dodson and ). Y. Tsao, Appl.Phys.Let_51, 1325 (1987).

AT&T Bell Laboratories, Murray Hill, N.J. 07974

The GaSb/AlSb system is an excellent system for the study - ,
of optical and electronic properties in strained layers. While its 0 0 0 0 0 0
lattice mismatch is small enough to make pseudomorphic over- [111 A 0 0 0 0 o a
layers with thicknesses in the range of 100 A possible, the [croo 0 0 0 000 0 0 0 0

mismatch is non-zero. It is one of the test systems for theories * 0 0 0 0 0 0 0

of heterojunction band lineups and is also of practical importance * 0 0*0 0 0
since it can operate in the low loss region of optical fibers. Due -- 0 S 0 0 0 0 C 0
to its high reactivity, however, data on structures involving AISb b, 0 * 0 * 0 0 0 0 0 0
is rare. In this paper we will report on the determination of * * * o o 0 0

strain and critical thickness in thin films of AlSb on GaSb(100) o 0 0 0 0 C 0

by a combination of ion channeling techniques and particle o0 0 0 0 0 0

induced x-ray emission PIXE). 0 0. 0 0 0 0 0 0

Samples were grown by molecular beam epitaxy under . 0 0 0 0 0 0

group-V stabilized conditions. Due to the extreme reactivity of * -/0 0 0 0 * 0 o
0 0 0 0 0 C

AISb a cap of -150 A Be was used which satisfied the following a • o 0 r 3 o D
requirements: (1) Prevention of oxidation of the AISb film. (2) 0 C C * 0 0 o0
Minimization of steering effects of the incident ion beam * 0 -0 0 0 0 0
through an amorphous or polycrystalline structure. (3) Minimi-
zation of multiple scattering effects through use of a material of [Oii] A [0ol [100]
low atomic number. (4) No interference of the x-ray spectrum 0 A
of the cap with that of the substrate and film x-ray lines. (5) No
interference with the strain and the quality of the film. [00l

Strain was determined using ion channeling techniques as
shown in Fig. 1.111 12 (3 Basically the channeling experiment Fig. 1. Schematic side-view of a diamond-type (100)-oriented
measures the alignment of a particular crystallographic axis in substrate (open circles, lattice constant a ) with an epitaxial dia-
the film, <110> in this case, with respect to the equivalent axis mond type overlayer (closed circles) of lattice constant b on top.
in the substrate. If we assume in Fig. I a substrate of atoms A
with bulk lattice constant a and an overlayer of atoms B with
bulk lattice constant b > a then, in the case of perfect strained-
layer epitaxy, bl = a. Since the B lattice is compressed in the
interface plane, the lattice constant normal to the interface will
change dependent on the elastic constants of the overlayer 0GaSn'C2 ASb

material, generally expanding, so that b,. > a. Although the
[0011 type channels are aligned in substrate and overlayer, this is
no longet true for off-normal channeling. Off-normal channeling
directions in overlayer and substrate will differ by a finite angle,
the tetragonal distortion angle, which is directly related to the
amount of strain in the film. The channeling directions in bulk
and overlayer were determined by monitoring, as a function of
incident angle, the x-ray yield from Sb and Al respectively,
induced by the incident ion beam (PIXE).

In Fig. 2 we have plotted the measured tetragonal distor-
tion angle for films of varying thickness. The scatter in tle data
gives an indication of the absolute accuracy as well as of the 0

reproducibility of the entire experiment. The arrow denotes the
tetragonal distortion expected on the basis of Poisson's number
for AISh. The agreement is very good. Beyond z175 A the dis-
tortion angle begins to drop from the expected value, i.e. the filt
thickness has exceeded the critical thickness and misfit disloca
tions begin to relix the strain. Note that the film does not
immediately relax completely but a significant amount of strain
remains even beyond 5(81 A. The measured critical thickness is
in very goisi agreement with the value calculated from the recent
theory f Dos,on and Tsao. s.

I W K (htl I W itaycr, Nt A N%,tol Im j k' altenng S ,trom )tm ,.
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Plmrit. L tirmial, Anal-, 1, 1,),. thaninvl n , A .t,'nlm , N sl, (aSh a, a function ot thitkness The arlTs inllm e, the ,ilue

tln,52 expe ted lin .e b is ot the theor, of e -t,'t it,
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Superlattice Characterization using Interfacial diffusion has been studied by growing periodic

Raman Scattering lattices with one of the layers constrained to be on the order of 4

monolayers thick. Significant interdiffusion would result in

G. P. Schwartz, G. J. Gualtieri, alloying which would broaden and shift the optic mode of that

and W. A. Sunder layer (GaSb) in a well defined fashion. Narrow GaSb
longitudinal optic modes are observed whose only frequency

AT&T Bell Laboratories shift is associated with quantum confinement. We conclude that

600 Mountain Avenue at our growth temperatures (490-510C), significant interdiffusion

Murray Hill, NJ 07974 does not occur.
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During the last ten years Raman scattering has begun to be 1. C. Colvard, T. A. Gant, M. V. Klein, R. Merlin, R.
used to characterize semiconductor superlattice and quantum well Fisher, H. Morkoc, and A. C. Gossard, Phys. Rev. B31,
structures. Various types of structural information are contained 2080 (1985).
in the spectra. In this work we have examined zone-folded 2. A. T. Macrander, G. P. Schwartz, and G. J. Gualtieri,
acoustic modes and quantum confined optic phonons tn periodic, unpublished.
quasiperiodic, and aperiodic structures in order to assess
parameters such as the period, individual layer widths, interfacial 3. J. He, B. D. Rouhani, and J. Sapriel, Phys. Rev. B, in

diffusion, and layer width variations, press. Preprint courtesy of the authors.

The samples were all GaSb/AISb lattices grown by molecular
beam epitaxy usin 1 elemental sources. Raman spectra were
taken using 5145 A excitation in conjunction with a I-meter
double monochromator and standard pulse counting electronics.

The period d=di+d 2 in superlattice structures can be obtained
from analysis of the frequencies of zone-folded longitudinal
acoustic modes (1). An elastic continuum dispersion relation
was employed to fit the folded mode spectra in order to obtain d.
Comparison with x-ray diffraction (2) shows that the period can
be obtained within 2-3% in most cases even when the presumed
ratio of dI / d 2 based on nominal growth rates was somewhat in
error. The period of quasiperiodic Fibonacci lattices was
similarly extracted from an approximate dispersion relation (3)
and also gave good agreement with x-ray diffraction.

For off-resonance scattering the Raman count rates are
typically on the order of 30-80 counts/sec/watt. so data collection
is relatively slow by most standards. With most conventional
spectrometers one is also limited by how close the elastic peak
can be approached, and this tends to limit the superlattice period
to values less than 200-250 A. On the other hand since GaSh is
strongly absorbing in the visible, relatively thin lattices can be
analyzed. We have examined for instance a 5 layer structure
whose total thickness was 170 A with no particular difficulty.

The intensities of the zone-folded Raman peaks were also
analyzed in periodic structures in order to supplement our
knowledge of the nominal growth rates which dictate d, and d 2
individually. All analytic expressions for these intensities
involve rather restrictive approximations (1,3) and our analysts
shows that even the most current models are incapable of
properly fitting the data. Comparison with x-ray modeling (2)
on samples with well defined d, and d 2 values indicates that the
Raman intensity analysis of d i /d 2 can be in error by 2(0%

Symmetry forbidden peaks lying near the superlattice zone
boundary have been detected in select samples. In order t)
assess the origin of these peaks, a series of weakly aperiodic
lattices were grown and analyzed in which deliberate layer width
variations were introduced in both systematic and random
fashions. In both cases strong zone-boundary modes were
observed. We conclude that layer width variations can manifcst
in the acoustic Raman spectra as symmetry forbidden peaks.
Smaller fluctuations in the layer widths can also be detected via
the increased linewildth of successive folding order doublet%
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Structural and Optical Properties of Highly in part, from quantum confinement. The emission
Strained InAsxPl-x/InP Heterostructures energy for a InAso. 5 3Po.47/InP SSQW structure was

calculated as a function of well thickness
R.P. Schneider, Jr., D.X. Li and B.W. Wessels using a finite well model.(

3
). The effect of strain

was taken into account using the simple relationship
Materials Research Center, Northwestern University AEg - where AEg is the change in the energy gap

Evanston, Illinois 60208 due to strain, a is a proportionality constant re-
lated to the elastic constants and deformation

Strained-layer superlattices (SLS) and single potentials of the material, and E is the strain in
quantum well structures (SSQW) are of interest be- the well.

(4 ) 
The observed emission energies from

cause they allow greater flexibility in the choice the SSQW structure are plotted in Fig. 3 along with
of semiconductor materials for numerous electronic the calculated values. Excellent agreement is noted
and optical device applications. Many aspects of between the experimental and calculated values.
the growth and properties of these structures, how-
ever, are not well understood, particularly in the
limit of large strains. In this limit, growth may
not proceed layer-by-layer but instead island growth This work was supported by the Materials Research
may occurlI) reducing interface abruptness and crys- Center at Northwestern University under Contract
talline quality. In addition, coherent strain has NSF (DMR-8520280).
significant influence on the electronic and optical
properties of the material. In the current investi-
gation, we have studied the preparation and proper- References
ties of TnAsxPI-x/InP SLS and pseudomorphic SSQW
structures with relatively large strains (1.6-2.5%). 1. W. J. Schaffer, M.D. Lind, S.P. Kowalczyk and
The InAsP ternary system is of potential interest R. W. Grant, J. Vat. Sci. Technol. 51, 688
for optoelectronic applications in the 0.9 -

3
am (1983).

wavelength range. The InAsP alloy structures are
readily prepared in a simple atmospheric pressure 2. K. Huang and BW. Wessels, Appl. Phys. Lett.
organometallic vapor phasc epitaxy (OMVPE) reactor.(

2 )  
52, 1155 (19881.

The InAsP/ILoP structures were grown on (100) 3. K. Alavi, T.P. Pearsall, S.R. Forrest and
loP using the reactants trimethylindium (TMIn), A.Y. Chv, Electron. Lett. 19, 227 (IQ83).
arsine and phosphine. The growth rate of the
samples was varied between 2A/sec-SA/sec by control]- 4. It. Asai and K. Oe, J. Appl. Phys. 54,2052
inp the molar flow rate of TMIn in the reactor. A (1983).
V/ill ratio of 200 yielded a featureless surface
morphology at a growth temperature of 600GC. The
PH/AsH3 ratio was varied between 50 and 160 to
yield InAsxP1-x with composition of x 

= 
0.5 - 0.8,

correspooding to lattice missotch between 1.6-2.5%.
The suffer layer between the substrate and the
osperluttice was InP. For the SLS structures, the
superlattice period ranged from between 22-140A, while
for the S-QW structures, the InAsP well thickness
was varied in the range of 10-160A. The samples were
cha-acterized by photoluminescence spectroscopy
(PI.), -ray diffraction (XRD) and high-resolu-
tion transmission electron microscopy (HREM).

Fig. 1 shows a tIREM lattice image of an TnAiso.7
Po.3/lnP SLS with a period of 56A. The interfacial
abruptness is estimated to be I - 2 monolayers de-
spite strain of 2.2% between the layers, indicating
planar (layer-by-layer) growth occurs in this
system even with large strain. In fact, PL emission
peaks shown in Fig. 2 for SL structures grown with
InAsxP1 -x compositions as high as x - 0.8 and
periudiritv of 50A showed no appreciable broadening
with increased arsenic concentration. The spectral
half-width is in the range 25 - lqmet. supporting
tha! the interfaces of those structires are also
abrupt to within I or 2 monolaers. The observed
half width is determined, in part, by fluctuations
in layer thickness. That sil, ntniform growth occurs

res for very large strains of 2.57 makes this system
o~f particular interes t for application is strained-

avor hterostructures.

Pscudsmsrphir c /Ws of 1n.sP were also pro-
aced. he structrs crsvtid of wells of -rtios

th0<ness I') ,,A' bowees 6031A-thick InP barriers.
The lmnesce.cn from these wIls was istense, with a
nsacs' spectral half-width of 17 seV for a .,A well

f. c idi P oi "IcI heteotinterfaces. arge
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High Resolution Transmission Electron Microscopy Fig. 3 shows a TEM image of a multilayer strut-
of InAsxPl-x/InP Heterostructures ture grown to determine the critical thickness and

defect structure of the fnASxP 1 _x/InP heterostruc-
D.X. Li, R.P. Schneider, Jr., B.W. Wessels cures. The structure consists of a series of

and W.A. Chiou InAs0. 5Po. 5 layers of thickness 200A, 300A, 350A,
400A and 500A grown between 600A InP layers. Mis-

Materials Research Center, Northwestern University fit dislocation formation is only observed for layers
Evanston, Illinois 60208 of thickness greater than 300A, in reasonable agree-

ment with the theoretical prediction of Matthews and
Strained-layer superlattices (SLS) and single Blakeslee.(

3
)

quantum well (SSQW) structures may exhibit a com-
plex morphology and defect structure, particularly The types of dislocations present in the heteto-
in the limit of large strains. Dislocations may structures were studied. An HREM image of an extended
form at interfaces if the critical layer thickness misfit dislocation is shown in Fig. 4 for the multi-
for dislocation formation has been exceeded. The layer structure. The dislocation image shows a
structure and propagation of these dislocations can highly localized core, indicating that the disloca-
be influenced greatly by large strain fields tion line is exactly normal to the image plane. Al-
present. For example, filtering of dislocations though HREM images show only the projection of the
by StS structures has been observed.(I) This en- displacement of the lattice planes for the disloca-
ables preparation of highly coherent structures tion core, the Burgers vector can be determined.
despite large lattice mismatch. In the present Fig. 4 shows the Burgers circuit drawn around the
study, we have investigated highly strained InAsx  Shockley partial dislocation. The Burgers vector
Pl-x/InP SLS and SSQW structures using high-re- projected onto the (110) plane is (1/6) of the pry-
solution electron microscopy (HREM). Since H11M jection of the (1l21, which is the projection (1/6)
allows resolution on the atomic scale, it is ideal [1121. Therefore, we may conclude that the end of
for the study of the interface and defect structure the misfit dislocation is a Qo0 Shockley partial.
of the strained layers. In addition, the stacking fault between the qO par-

tial and the surface is determined to be intrinsic.
Samples were grown by atmospheric pressure The bright spots in the HREM image correspond to

organometallic vapor phase epitaxy (OMVPE) on (100) structural channels. The stacking fault sequesce is
InP substrates at 600oC.(2) Growth rates of ARCBCA, ard the fault vector is (-1/31[1111.
2 - 8A/sec were used. The compositions of the
tnAsPl-x layers in the structures were varied from
x = 0.6 - 0.8, corresponding to a lattice mismatch This work was supported by the Materials Research
of 1.9 - 2.5%. Superlattice periods were between Center at Northwestern University under Contract
22A and 140A. Well thicknesses in the SSQW struc- NiF (DMR-9520280).
tres were 10A - 160A. No graded buffer layer was
used, thus the superlattice structure as a whole
was lattice uismatched to the underlying substrate. Ruferences
The total thickness of the heterostructure was
typically 0.5 pm. 1. P.M. Bedair, T.P. Huvphreys. N. P1-Masrv, '. in,

N. Hamaguchi, C.D. Lamp. D. Drcifus and
Cross-sectional specimen preparation entailed R. Russel, Appl. Phys. Lett. 4q, 942 (l,16.

cleaving the samples into O.5mm x 1.0mm pieces.
then bonding the two pieces together with epoxy 2. R.P. Schneider, Jr., D.X. Li and B.W. Wessels.
and embedding them in epoxy contained in a copper submitted for publication.
ring. Specimens were subsequently mechanically
thinned and argon ion milled. ton current density 3. J. W. Matthews and A. F. Blakes]ee, 1. of Cryst.
and accelerating voltages for ion milling were Growth, 27, 118 (I741.
optimized to minimize damage to the samples. The
high-resolution images were obtained with a Hitachi
11-9000 electron microscope operating at 3nOkV with
a point to point resolution of I.9A.

Fig. I shows a HREM lattice image of an inAso.7
PO.3 l/nP SL. with a 56A period and the corresponding
electron diffraction pattern. The measured period
obtained from the satellite spots on the electron
diffraction pattern agrees well with that obtained
from growth rate and x-ray diffraction measurements.
The dark aid light regions which are visible in the
lattice image correspond to InAnP and ImP layers,
respectively. This image clearly shows the inter-
faces are coherent and defect free, despite the
lattice mismatch of 2.2%.

Since the total thickness is 0.5 Pm, the
otricture is well beyond the caleilsted critical

thickness of hr - 6onA for dinloratlon formation
(3

for an lnAs(1.3Pr.
7 laver. Thus dislncations are sx-

pectel to form at the SLS/IP btffer layer interface.

rInded, as shown in Fig. 2, dislocations are pro-
sent. vet then ire effortivov filtered o-t of the

otrIt.r within a few periods. It is clear
that shrt-porlod lTrAsPl_s/lnP q1, stroctires are
verv offer-ice in hlocking the propayat ion of mis
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Core Level Photoemission Measurements theory using the local density functional approach. In
of Heterojunction Valence Band Offsets conjunction with El and E2 which represent the unstrained Si2p

in Highly Strained Systems and Ge3d core levels referenced to the top of their valence
bands, we obtain E h = 99.22+1.07 E2 = 29.56+-.07 eV. The

G. P. Schwartz, G. J, Gualtien, resulting valence band offsets for Ge on (100) Si gives
M. S. Hybertsen, J. Bevk, J. P. Mannaerts, AE~ t = 

0.75±0.13 eV, and for Si on (100) Ge

and R. G. Nuzzo AE1'
2 = 0.16±0.13 eV.

AT&T Bell Laboratories
600 Mountain Avenue

Murray Hill, NJ 07974

Core level photoenfission constitutes one of the primary
methods for determining valence band offsets in lattice-match
heterojunctions. In lattice-mismatched couples which exhibit 6 ML Ge on 1100) Si
pseudomorphic epitaxy, either one or both of the heterojunction
layers will be under biaxial stress depending on the relative layer X20
thicknesses and choice of substrate/buffer. In this case, core IFB
levels referenced to the top of their strain-split valence bands are si
expected to explicitly depend on strain. In the present work x-
ray photoemission core level measurements have been performed Z
on pseudomorphically strained heterojunctions consisting of Si
on (100) Ge and Ge on (100) Si. Raman spectroscopy was used 6 ML Si on (1001 Ge
to verify the strain resulting from the 4.2% lattice mismatch, the -"t I-
core level measurements were supplemented by calculations of
the relative core-valence band deformation potentials. These iB
results together with the uniaxial splitting of the valence bands
yields valence band offsets of 0.754).13 and 0.16+0.13 eV for
Ge on Si and Si on Ge respectively.

Six mono.ayers (-8.5A) of either Ge or Si were grown on X20
(100) substrates of the opposite material at -50("C using
molecular beam epitaxy. Heterojunction samples were capped LI. 2
with 12 monolayers of substrate material in order to avoid 300 330 360 390 420 450 480 510 540

oxidation and strain relief of the buried layer. Core level RAMAN SHIFT (cm-')
measurements of the Si2p and Ge3d levels were recorded, and
Raman spectra of the optic phonons were examined in order Fig. I Raman spectra of the Si and Ge optic phonons for
verify that the strain was not reliefed by the introduction of pseudomorphic growth of Ge on (100) Si and the
misfit dislocations, reverse sequence. IFB indicates signal associated

The Raman spectra are shown in fig. 1. For Si on 11W) Ge, with interfacial bonding.
the Si optic phonon is seen shift to lower frequency by

-45 c--1 relative to unstrained Si. The strain-induc d
component of this shift is -20-30 cm

- 
(tension downshifts the

frequency). The remaining shift is due to quantum confinement
which downshifts the frequency by -12 cm

-i 
For Ge on (1010) -

Si. the optic phonon shifts to higher frequency by -4 cm A A,
This small shift results because compression shifts the Ge s-- -

frequency up by -16 cm- whereas confinement downshifts the 1

frequency by X-10 cm
t
1. The shift in the Si and Ge optic

phions ate both onsistent with the retention of strain in the 6
monolayer section of the structures.

The relevant hand diagrams for Ge on (1(0)) Si and Si on
(10(t) Ge are shown in fig. 2. The core level separations A17....
anid AF2 ., on strained heterojunctions were measured to lhc
70.12f).10 anti 69.9(k.101 eV respectively. The index notation
1,2 designates Si in 11,81) G and 2.1 the reverse sequence.
(ore levels averaged over the spin orbit split components are
used in all cases The uniaxtal component of the hiaxial stres,
detenitited relative to the centroid of the valence bands is I

readily calcslted and yield% lI:' = 0I1 and I = 0.30 eV. The
relative hlft Khiste i the core level aind the centroid if the
silence hand due to the htrodt,.iatc component of t)e ,trrs In Itg 2 ScIhlctttc haind diagrals for (i on (I()h Si (left
striuned irld unstramentll iihrteritls sa s caltulaticl trott IMIOI panel) and the resere seqUILCe (right pancli
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OPTICAL INVESTIGATIONS OF STRAINED carried out using standard lock-in detection.
InGaAs/GaAs SINGLE QUANTUM WELLS Fig. 2 indicates the photoreflectance

D.J. Arent, K. Deneffe, C. Van Hoof, spectrum and associated fit at 300K for
J.De Boeck, G. Borghs sample G63. The spectra are fitted by non

IMEC vzw, Kapeldreef 75, Leuven, Belgium linear least squares analysis to the Aspnes
third derivative functional form which has

Allowing for wie variation in been shown to adequately model the observed

mechanical and electronic properties while phenomena(5). Excellent agreement is found
incorporating strain arising from large for all fits utilizing a band offset ratio of
lattice mismatch, the growth of high quality 85:15 (LE -:E ) in accordance with previous

dislocation free semiconductors is only experimenFl(6 ) and theoretical (2)
possible for layers which do not exceed a findings. No transitions associated with a
critical layer thickness(l). Layers thicker light hole band are observed. Combining this

than the critical value will accomodate observation with the excellent agreement
lattice mismatch in misfit dislocations indicates that the band offset ratio employed
rather than elastic strain and therefore properly describes the InAs/GaAs system.
exhibst degraded device performance. For Table I lists the results for the remainder
thin layers grown pseudomorphically, the of the samples including the 6K
strain induces a significant change in the photoluminescence value for the IC-lH
electronic band structure, thus allowing for transition, corrected for exciton binding
control of the band gap and associated energy and associated calculated values.
quantum transitions by altering the ternary Excellent anreement is found for each sample.
compositions (strain) and layer thickness For the low temperature calculations, we
(quantum confinement), used the formula of Goetz et alA8 to find

The details of the strain induced the alloy band gap energy at 6K. We then
changes to the band positions of layered calculated the low temperature transition
semiconductor structures have been presented energies using temperature independent strain
elsewhere(2-4). For InGaAs pseudomorphically and material contributions. From experiments
grown to GaAs the In concentration must be performed at 77K, we have calculated the 77K
kept low (<40%) and we assume since the GaAs alloy band gap as a function of In fraction.
substrate is very thick compared to the We getermine the equation to be
InGaAs layer that all strain is accommodated E (77K)= 1.508-1.580x + 0.496x' leV '31
in the InGaAs. Th9 bowing parameter is in much better

The energy shifts calculated using a agreement with earlier findings at ether
strain Hamiltonian which describes strain in temperatures (4,9)compared to that ccrived
the [1001 and [0101 directions yield from the previous bulk crystal experiments cf
the band positions of the nondegenerate Lem t al9). Though unclear, the difference
valence band mainfolds and are a function a may be due to the different growth techniques
and b the deformation potentials, K the used to prepare the samples.
strain value, e the spin-orbit splitting These studies indicate that the strain
energy, and K wRich relates the elostic induced band changes are not temperature
moduli as given by Pollak(3). All strain dependent, though the individul values of the
tensor components are found by linearly elastic moduli and deformation potentials may
interpolating between the values for InAs and change with temperature. Furthermore, as
GaAs using values published in the shown in Fig. 3, the behavior of the InGaAs
Landolt-Bornstein tables. The relative alloy band gap with temperature is found to
contribution of the hydrostatic term to resemble that of GaAs not In Ga As up to In
conduction and valence bands is determined fractions of 0.3 and is not finearly
by, 6QH, the ratio between the total shift dependent on the In fraction.
in the band gap under pressure to the shift References
in the spin orbit band, or 1. J.W. Matthews and A.E. Blakeslee,

&Q - (dE8/dP / d(E .8 )/dP)I (1) J.Cryst.Growth 27, 118, 1974.
and is round t be I%. @ ni~xial tension 2. W. Potz and O.K Ferty,J.Vac.
contributes to splitting of the valence band Sci.Tech.B 4,1006, 1986.
states and induces a mixing of the 13/2,1/2> 3. T.P. Pearsall, F.H. Pollak, J.C.
and 11/2,1/2> bands(3). Total strain Bean, and R. Hull, Phys.Rev.B 33, 6821, 1986,
contributions are plotted in Fig. 1. and references therein.

Transition energies for the potential 4. J.Y. Marzin, in Heterojuotions and
wells are then calculated according to Semiconductor Superlattices, edG.Allan, G.
standard quantum mechanical treatment. Bastadh. soccara, M. Lannon, and M. Voos.
The composition dependent band gap E g of the Springer, Berlin. 1986, p.161.
unstrained In.Gal xAs material at 300K is 5.. D.E. Aspnes, in Handbook on
givgn by(4) Semiconductors, ed. M. Balkanski, North

E - 1.425 - l.501x + 0.436x
2  

(eV). (2) Holland, New York, 1980, Vol.2, p.109, and
At lw temperature, the additional strain references therein.
induced by differences in linear expansion 6. S.P. Kowalczyk, W.-. SchaffeL, E.A.
coefficients may be neglected since this Kraut, and R.W. Grant. J.Vac.SciTech.B 20,
value is less than 3% of strain at 300K (an 705, 1982.
absolute quantity < 0.03%). 7. J. Hwang, P. Pianetta, C.K.Shih,

Following standard cleaning procedures, a W.E.Spicer, Y.-C. Pao, and) J.S. Harris, J. .,

1.0pm GaAs buffer layer was grown by MBE Appl.Phys.Lett. 51(20), 1]12, I8'.
followed by the InGaAs layer and finally a 8. K.H. Goet, ). Simhet , H. Ju , J
50onm GaAs capping layer. The In fraction and Selders, A.V. Solomonov, G.F. Clinksii, M.
thicknesses were determined from flux Razeghi, and ,.7. Robin, ,.Appl.Phys. 54,
measurements and confirmed by Auger, double 4543, 1983.
crystal X-Ray diffractometry, and electron 9. Y.T.Leu, F. A. hiel, a.Sl'hrlr,
iprobe analysis on thick layer samples. B.I. Miller, and 37. Bachmann,
Photoreflectance measurements at 300K were J.Electlon.Mate . 8, '3, 19 4.
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X, Alloy Content Mole Fraction In
rig. 1 Strain induced shifts of the
valence bands in InxGal-xAs Fig. 3 Normalized Percent Change in the
alloys as a function of alloy content. The Band Gap Energy at 6 and 77K vs In Mole
energy shifts are calculated assuming all Fraction.
strain is incorporated in the thin InGaAs
layer. The hydrostatic contribution to the
band shifts is determined from the pressure Table I
dependence of the spin orbit band relative
to the energy gap. T - 300K. Results for Photoreflectance (300K) and

Photoluminscence (61K) for In Ga A5 Single
Strained Quantum Wells and Corr~ijonding

Photoreflectance Data Theoretical Values for the lC-IHH Quantum
Transitions.

I Sample Transition Energy (eV(
Data (St r uc ture-)
Fit Ternp. 30OK Calc 6K Calc

1-G44 1.35-5 1~~ 1. I. 449 -1 -l.41
cm 15%, 4nm

cctf %
ic0G63 1.394 1.393 1.48') 1 .484~ 5~ 7%, 5. Snm

1.413 1.412

G179 1.376 1.379 1.478 1.468
13.5%, 3nm

-25 13 14 .2 .4 14 G218 1.301 1.302 1.389 1.3861.36 1.3 1.0 1.2 144 .4615%, 2Onm

Energy (eV) (2c-2H)
1. 344 1 .334

Fig. 2 Photoreflectanice spectrtim for the G220 1.410 1 .407 1 .505 1 .499
InGa1 ,As/GaAs SSQW with s= .07 and a well 5%,. Snm
wi th o 5.5nm. Excitation is a 1mW 633nm
He-Ne la'er. Dark line indicates the
associated theoretical curve with
transition energies marked with arrows.
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Retercoatructurca of CaAzliaSb. ont GaAs intercept method 'Tire einsistency of rte AI7,s at different

Crown by Molecular Beam Epitaxy temperatures rave been examined and the results acre within the

experimental error of 004eV. The energy basil diagram of rthe p-

J. H-. Zbao, J. C. Jeong, T. E. Schlesinger. and A. G. \Ililnes GuSh' N-GaAs than determrised is shows in Fig 2

Department of Electrical and Comparer Engineering The Schottky harrier heights of Ani on ni-GaAs _Sb. base been

Carnegie Mellon Uiviersity studied to examine the relationshtip brween Seliottky harrier

Pittsurgh PA 5213heights and thle haind offsets of GaAs tx
5 4

n, GaAs that were
Pittsurgh PA 5213implied by the Tersoff model. Shoati in Fig 3 is the experitnetal

Schottky barrier height of Aunr-GaAs,_ 5Sh5 as a function of Si)

Introduction content determrised by sturdying the reverse leakage current ac a

The development of advaneed epitany technologies sueh as NIDE function of tent eratrvrfthe apes circiesi aiid tire solid diiP is ft *m

and OCN) hs mae i posibe tostuy nvelheteostuctres reference -1 The inset shows the applicationt of Ternff s model c-f

invlvig lrge latice misatc Ga,,ix~b 'Gli eterojanet ion line-uap probable baud offset cat' be iniferred front

heterostrnetures are interestin gi] because almost so work hnu been tedifrnebwenhewoSotk bairhigs4a

contini metal oti the ta semieondiictors Our 5eh- irks ittrer
done on the p-n diode current transport mechanisms and hand

offsets of this systemr and also hecause with respect to (mAn there hegtrslshrfoeipi cndtonbd'4"t-F 09

in a lattice mismatch of up to 7.8%. This paper reports stadies of -0.8-01e rG&o93' 07GA 0906

the current transport of p-GaSh , N-GaAs diotdes and the baind 0 7VfrGAO1SIIjaA.nd-F 09.06 3Afo

GaSb'aAs in agrecenici in ii our result oibtArneul iiig the -
offset of GaSh/Gaks us well as the Schottky barrier heights of

An in-GaAs1 ,Sb, probahle band offsets of GaAs_,Sh GaAs arc necptr~hd

also inferred from the Sehoriky harrier heights based on Tersoffs,,

model of heterojanetion linle-ap'2i Conclusions

Ia cascl',io. n-tt iid- rtritttetn iuiI nue~c-siefc-

ResltsandDisussonsthe current iransporm atechanoitI of \1111: ec-ii tic-ire

Resuls andDiscusionsGu-Sh Ga~s heCTtanction diode-it,, ha--ii \,ei--i1 Trincliec

The effects of thle lattice mismratcii Induiceid interface. states on thle uerest baa beeni foundt to lie d,...i..,ili bevui ,rt:,rO

current transport of p-GaSh N-GaAs race tees sdned at tentperarnre-tlveieslii fornsard l -a 
1 

tilie t 'intt'ln5  carreit

temperatnres ranging from 29-1 to 1231K A transiite fron a varies as ll(Tics p1t7
5
% The (*-% inreript ri,1-n.

1 
hra, been r1isI

tltrmotie reoinitraio Itiittcutrre-nt ice a tunitelinrg blietd to study- iht-sondluctt'iiri atlff-t ,f Sita,,I sithb ite

eutrent is eobseredr a-lie.n the di-le fotrwatrdl tias is xireaced ilie taterfacci ciarge effects icing CricH elz-,a r 1t, cstuds.trig the

tunateling current tikes tire frtir '-f I -lIITir-NIlA \l ale' t ,Ire b frequency anrd tettitir turrie ciii~-- -f it, i'-N\ nt'~'oi

tartielitig lrt~m-CrA is fairlsy tettiiee.-tiir- nil ptiud,-nr md '-iiii li oidat," i-ri lirt ffset AL li.s I-,-it f-set t, hc ti3 00til

tt 7i\- Thre -urrnt trarsiri rolei- crCIii,t'' 1 i rVit e S(I-lmks barrier ircirrlt ,f Airti- a, Sl, is 
1

) 1i- be,

dicules a-ith large- laite nrisrtn- li. a&i at-lI a- (hC, li-t~ studi-i I 1,1 l i' t- c iiif-- ii' I i--f I Si

iransiteti. mill ire CIt-Crsel lire tuinnetlinig fiaratre fur p- Iuaeil ''i Terx'ff-,iod

tGe, N-GaMs. p-Ge N-Sr , -1 r GuSh N-GaAs airc ite in

Fig I as a funtriotn otf lattice trrtuatelr pereitage- lit gi-ii.ral illi

larger the atLice ittottiutelt tire larger tie inure hlg c -iriItl References

lie IlJ/ZIii-ruuAJZ I I 1~r 1lt\\.ung JtvI
.i 1. Tniltr~i * 1 .: CCitgr i,1 t r .C -

appearn. at- S I e,ii- It NMa, ItI- l Pis-tt'

Studies of the capacitance eharacreeristies 'Cf I-Cta.C N-GaAs Cc a

Irrirciam of tenmperature irrl frit~ee % ill Ile pre teul irterface 2 .1 Tersuff. I'hll e' I Lett 52 -,iQNc u

eciargi- efir-is Cur trite bnuil In Igu-AK r1n-- been ii x:ittitrC tt
1 

nd3 .1 P ed~ts-lr iC
1 

I I t tih- P,- 11 1 I .I-

pply I retiel Frist this treatmen-it tire curiditem br'tlandl offset 113 1 IiCS(I II6t

Al-, uf GaSt Ga.s ias b- fis .... IC it1,11t - it .i e% anti the I SPhu O--". ~ii utIC IttC, h

eCwir~itiC batICn'd 'f GrAs Inc ae' 1,:'.-Cht ni (;I, tno h1-N Pi-IIIi. it 1



1-0

-/-Si-- ;'C ~ ~0.9 - E/,_

_ ~~E, ;I.E
- 60 0

i: 0.8
-

1
. b AE, GaAs/GgAsSb

40- 
0 0

C N- S ¢; i -."

?0?

05
p-Gc'N-G'X,\

0.4 -0

0 2.0 4.0 6.0 8.0 10.0 0 0.2 0.4 0.6 08 10

Sb Content

lattice Mismatch ( T fF~ig :1 Tile Schollkh, harrh'r h,'ght ,.f

Jig Ig "illll' ilg param ote r I :v a functioo Ilof Au /n ' is ;, :t li ( r) Si, ('Ol [.

,rc ewag- ],lh ' m- snth In h,,I'YI Thel Il)
I  

...~l -h1€ t!"
I  
pr l bh. aJtl~ 11:1-1>'

larger th hu1ti imlIfiit h, Ihc iarger the in -frid frll ill ' Sho!Ik% irrwi lwS isa

u n eling (lirrell - i CIi d on T rsoff' it I

T -."On3 K

Egs, ( 0 73 eV

V54 + VD2  0 87 ± 0.02 eV
6, 007 ± 001 eV

82 0009+OO1eV

03Ec  0± 004eV

p -GoSb V 021

848

N -GaAs



Abstract No. 496

GROWTH AND CHARACTERIZATION OF ZnGeP'JGaP Figure 4 shows a bright field TEM micrograph troum
HETEROSTRUCTURES BY OMCVD a bulk, single crystal of ZnGeP,. Precipitates of -2Ok v.ice

are observed, Images taken near the 11121 and I tl pol-,
are consistent with a tetrahedral shape, and their dcns its
is quite low - less than .002 volume percent Paratllel
Moire fringes can he seen when specific diffration

G. Xing. J.B. Posthill and K.J. Bachmann vectors are used for imaging. Specifically, -40k fringes
are observed %shen 221- or 

2 4
-typc reflectons arc

Department of Materials Science and Engineering, North employed. Precipitate d-spacings of 1.8A or 2 ttk are
Carolina State University, Raleigh, NC 27695-7907 possible given this data. A d-spacing of 21,k correlateswell with d220 for Ge, and therefore we rentati'el,

conclude that the precipitates arc Ge with the respective

0,S. Solomon and ML. Timmons 100}-type planes in both pbase, being parallel

Research Triangle Institute. Research Triangle Park. NC In sumnrary, heteroepirasial grov.th of ZnGeP 2 in
27709 GaPt100) substrates by OMCVD has been demonstratcd

Characterization of these epitaxial films has been

accomplished, and comparison has been iade with bulk.

This contribution contains the first report of the single crystals of ZnfeP2 . The epilaxial lilms are ol

growth of ZnGeP 2 epitaxial films on GAP(100) substrates by superior purity, but judicious chirice of the growth

organometallic chemical vapor deposition (OMCVD). conditions is required for controlling their stit.hioMc1r
Secondary ion mass spectroscopy (SIMS), absorption
spectra, x-ray diffraction (XRDI and transmtission electron Ackno. ledoemnt
microscopy ITEM) have been utili/ed for the
characterization of these thin films. The relationship This work has been supported b the National
between the growth conditions, structure and properties of Science Foidation. Grant DMR 841458 1
the epitaxial films have been compared with those of hulk,
single crystals of ZnGePz, which have been grown by Refernce
directional solidification. I. E. Buehler. J.11. Wenmick and J D Wiles%. J Eh*,rr lar . 2,

The epitaxial ZnGeP2 films were grown in an open 445 (197
t
1

tube OMCVD system in which Zn(CH 3 )2. GcH4 and P113 were
used as the source gases. The fnow rate ratio, R. of Zn) CI3)2 "12

to GcH 4 was varied front 6:1>R>1:9 while the fliw rate of
PH 3 was kept at a fixed value. The growth temperature was
varied from 525'C to 575°C. The growth rate of the film is
deter:iined by the GeH4 flow rate. For a given now rate,
the concentrations of Ge varies non-linearly with the
growth temperature (Fig. 1). Since the film composition 1.1
becomes insensitive to changes in the growth 0(Ge)
temperatures at or above 575

'
C, we chose 575"C as the Cs

optimum growth temperature. At this substrate
temperature, mirror smooth epitaxial surface morphology Z
can be obtained over a large range of Zn(CH3)2 to GelI4 1
flow rate ratios. i.e., 6:1>R>1:3. This suggests that the 1.0
homogeneity range about ZnGeP2 may allow substantial
devations from stoichiometry. However, at the low
temperature limit of our experiments (525'C) and large
ZnICH3)2 to GeH 4 flow rate ratios, a phase separation has
been observed with a concomitant roughening of the 0.9
surface.

Figure 2 shows the depth profile of a ZnGeP 2 film
obtained by SIMS analysis. It indicates that there is very
little interdiffusion of Ga into the ZnGcP2 film or of Zn .,nd
Ge into the GaP substrate. Also. trace analysis by SIMS 0.8 1 I
indicates that many impurities that are present in bulk
ZnGeP 2 are either absent or present at drastically reduced 500 520 540 560 80

concentrations in the OMCVD filns.

Figure 3 shows the absorption edge of a thin filtn T c)

which exhibits a tail and a distinct absorption hand at
approximately I eV In bulk samples of ZnGeP 2 absorption Fig. I - Ge concentration in the film IQ(Ge l normalrzed t,

the Ge concentration in a hulk, single c'ystal standard IW"stails extending across the window of transparency it) the

IR absorption edge at approximately 12 ltm have been as a function of growth temperature Zn(C I it) Gi(ella

reported in the literature . which are related to the flow rate ratio 2:3.

presence of native point defects and impurities. Since the
residual absorption in the transparency region is an
important limitation in non-linear optical applications of
ZnGeP 2. progress in the control and understanding of lkw
optical properties at below band gap energies is of
considerable interest and is discussed on the basis of
optical data for both epitaxial thin films and hulk single
crystals



p P

20 40

Sputtering Time (mn i
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X-RAY CHARACTERIZATION OF IETEROEPITAXIAL Thermal expansion: The bulk thermal expansion
GaAs on S(001) coefficients of GaAs and Si are 6.0 x 10-0/K and 2.3 x

10 /K, respectively. This thermal mismatch leads to
bowing and bending of the wafers and hampers serious

Ii ahel, S. Lucas, it. Mobog device applications. Recent x-ray experiments have

epairoent of Ph s M as Resarc a t revealed [6 that at an initial growth temperature of
hysics and Materials Research Laboratory about 500 C the GaAs film is almost strain free,

1110 ent Gree Sit, Illinois 61801 neglecting a strain gradient in a narrow region close
to the interface. Then, upon cooling the interfacial

relationship between GaAs and Si remains intact
requiring the GaAs in-plane lattice parameter to
follow the slower thermal contraction of the SiThe successful epitaxial growth ef GaAs on Si substrate. This boundary conditions causes an

((101) substrates is one of the Most important advancesinI semicodutr heseofthe ms toaot adanecest expansion of the in-plane GaAs lattice parameter overin semicooductor heteroorructuce technology in recent its bulb value. The out-of-plane thermal ecpansion

years. This progress was achieved in spite of the fact ese bul b vle bythe Poisson epns om
exceeds Ib lull, value by the Poisson response from

that GaAs on Si combines all major problems of rite in-plam, constraint, and therefore at room
heteroepitaxial growth processes. including a large temperature th. ou t-of-place lattice parameter is
lattice oiseartch the possible formation of antiphase contracted (Pig. 3).
doesins, and thermal ci smattch between b(tb materials.

Ve will procide att ocrciew of recent c-ty scattering This work was supported by the UiS Department of
espetrimerts concerned withb these issues. For a review g ii of Materials Science. onder cootract
,, the lectronic and optical properties as well as - D-AC02-16ER01198.
device applications we refer to Ref i.

Ant iphase domaios (AD s): Layer by layer
deposi tio of alternati g Ga and As atoms ,- si (Sol )
scis rates may lead to the formation of AD's w,cn

e eatcctc soeps tn tite suitotrate ate '-cOtottered. 1. 11 Morkoq, I. Ltlu, H. Zabel. N. Otsuka, Solid
This iss t talin demottstratd i F; P, I For State Technology 31, "1 (1988)
re-scs, discussed further helow. the actual ubstates 2wer '~u b" )." of he(01) i'tio'hil' 2. D.A. Neumrann. 11 Zabel. R. Fischer and H Morkoc

ete ntcst h ahout off the 10011 diroction, wih J. Appl. Phys. 61, 1023 (1987).
to eiteti to toteroe a digt, i but oi, otuild 3. R. Fischer, H. Morkoq, N A. Neumano, H, Zabel. C.
Siit sdc At' otd Tuebered step he i ean turtri shoald Choi, N. Otsuka, M. Longerbone, and L.P. Erickson.

tot r-odut A,\N sThe ptresence of AD's 0-0 he et l ted J. Appl. Phys. 60. 1640 (1986).
by Measuring. via high resolution x-ray scattering, 4. It, Zabel. N. lucas R. Feidenhaos'l J
the width of GaAs superlattice reflect ions, Comparing Als-Mtelseo. it. Morbug Superiattices and Micro-
the width of superlattice peaks to those of structures 3, 515 11987)
fudametal peaks (see Fig. 2), no otntrittioo due to I AS. Romnancavar A Haheschtss. 3. 5 Ice, C J

AS-s could b- observed [2). From these x-ray results Sparbs Ii. Mocksg And A Zabel. Materials Research
follows a lower Limit for the separation of AD Society isclposio-, Vol. 102 - isRe)
boundaries of absut 4000 A which Is good agreement 6, ctas. 11. 1o I. and V, Unla- Appl
with high resout ion electron microscopy images of b
GaAs on Si (3:. It has been speculated that the lack

of AD's may he dle to a reconstruction of the elseut
Si surface which takes place either during the
annealing procedure prior to the GaAs deposition or
during the deposition of the first monolayer of As.

lattice mismatch and strain relaxation: The bulk
GaAs and Si lattice parameters differ by 4,I% at room APR
temperature, with the CaAs lattice parameter beisp /
hirgor titan the Si Thle first few c-pirasial1 layers of 0 - W".As will theref,t he tunder compressional streso. The Y
stalin enercg increases with progressive growth of
alterTsating Ga and As mo.olayers, until It exceeds (lie
ecergv for fncmt Ion of dislocations ence, edge
dislscat Ions remoe coherency steaios ant the
interfacial relaticosbip between GaAs end SI becomes
peogr-svsiel; irctoherettt witt Inrteeastig film

oi,1,rss It has been shown that on flat sudstrates
scw as well a

, 
edge dislocations are generated. The

former ones only deteriorate tie electronic properties
but are ineffpct i.e for strain removal. Vicinal cuts
of the substrate off the (001) orientation remedies
tils problem and It addi t Ise causes the edge OAs OGo Oe
dislocations to propagate parallel to the interface

Po losaduA coberency strains cause the wld'h of all
Pi apF, r, ef tort lens to increase linearly witb the

- . ' r aS, , ,,.- . tu a ig i . ec e the slope - th . Figure 1. Antiphase door e s are form ed eith,.r wh en
is a direct measure of te residual strain both Ca and As nucleate in the same flat monolaver. et

ppor nicula r to the film. For orb file thiknesses heo a single atomic step of the substrate Is present
sit-as In Pig 2 the slops ate identical, indicating Annihilation of antiphase domaIn boundares is
that the "t c: strain gradient must be located In a possible for some directions

region In betwoen IDo A from the Interface. Similar
measturements on thiisner GaAs films exhibit indeed mach
bigger slopes f4,5l
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Controlled Formation of Misfit Dislocations for average spacing of misfit dislocations. Therefore,
Heteroepitaxial Growth of GaAs on (100) Si by almost all dislocations in the [011] direction can

Migration-Enhanced Epitaxy form at steps on the GaAs surface. This is not the
case for layers grown on the other off-orientations,
where dislocations also partly form on terraces.

W. Stolz, Y. Horikoshi, and M. Naganuma This p-ncess needn u higher energy and thus should
occur at a later stage under the same growth condi-

NTT Electrical Communications Laboratories, tions.

Musashino-shi, Tokyo 180, Japan It is important to note that in order to be
able to reveal the influence of the surface steps
created by the substrate off-orientation, the number

The heteroepitaxial growth of GaAs on Si sub- of surface steps introduced by the growth mechanism
strates has attracted great attention in recent should be small. Using an optimized substrate
years. The formation of misfit dislocations plays a preparation and growth initiation of GaAs on Si (3).
key role in this heteroepitaxial system. The it is possible to start growth of GaAs on Si in the
critical thickness for pseudomorphic GiA g-vwth on 2D layer-by-layer growth mode. By applying the above

Si amounts to only several monolayers. This is described controlled formation process of misfit

caused by the large difference of 4% in lattice dislocations the 2D growth of GaAs on Si can be

constants between GaAs and Si. Under equilibrium maintained for the entire epitaxial layer as

coqition all misfit dislocations (of the order of revealed by zitu RNEED cb:orvations. Primarily.
101

"  
cm

- 
) would be formed within only a few this is due to the fact that misfit dislocations are

monolayers during growth. This large amount of not formed within a few monolayers, but are created
defects will certainly influence the crystat growth in a controlled way within a thicker GaAs layer. The
mechanism. Normally, growth initiation at high number of dislocations formed on the growing surface

temperatures leads to island formation. An energetic per growth of one monolayer is drastically reduced.

barrier for the generation of misfit dislocations is Therefore, the disturbence of the growth process
present in semiconductors (1). This mechanism can be becomes less important. The second important fact isused to control the formation of misfit dislocations that MEE produces better-quality epitaxial layers at
by selecting appropriate growth conditions. The low substrate temperature as do the standard MBE and
principal aim is to minimize the influence of the MOCVD growth techniques. Atomically smooth
required dislocation formation on the crystal growth GaAs/(AlGa)As heterointerfaces are confirmed by TEM
mechanism l and luminescence studies of single QWH.

In this study we have investigated the strain To optimally balance the thermal expansion

relaxation of GaAs layers on Si substrates as a strain after cooling from the growth temperature,

function of the growth temperature (300
0
C to 6000C) the average residual strain of the G$aAs epitaxial

and substrate off-orientation (10, 20 and 40 off layer should be in the range of 10
- 

for a growth

from [Dll ]direction). GaAs epitaxial layers were tempe-ature of 600°C. For lower growth temperatures,

qrown hy migratirn-enhanced epitany fMFE) r- 3" this value can be even smaller. It is possible to

(100) Si substrates. MEE is a modified MBE growth realize non-bending GaAs/Si wafers by choosing

technique, which has proven to produce high-quality aporopriate growth conditions and substrate

homoepitaxial GaAs layers even at low growth tempe- misorie.4ation. Tnese values of residual strain at

ratures (2). Thus MEE is particularly suitable for the growth temperature are typical for lattice-

the low-temperature growth steps in this study. The matched heterosystems. At room temperature the

residual strain in the GaAs layers was determined by average strain in the GaAs epitaxial layer vanishes.

measuring the bending of the GaAs/Si wafers as well The controlled dislocation formation can be

as by double crystal X-ray diffraction. Investiga- used to reduce drastically the dislocation density

tions of the dislocations created in the GaAs epita- in the GaAs layer. In a two-temperature growth

xial layers have been performed by transmission process, misfit dislocations are formed at low

electron microscopy (TEM) studies, substrate temperatures. By maintaining the 20 growth

At low growth temperatures we observe processfor this stage, no additional defects are
reproducibly an opposite wafer bending at room created, which may result from an island formation

temperature then expected from the difference in on the epitaxial layer surface. After increasing the

thermal expansion of GaAs and Si. Double crystal X- temperature, the generated misfit dislocations
ray diffraction investigations confirm that GaAs becomc mobile and slip to the GaAs/Si interface.
layers are under compressive strain for these This process leads to a regular dislocation arrange-

wafers. Furthermore, after etching-off of the GaAs ment at the interface as determined by TEM studies.

epitaxial layer, the opposite wafer curvature is A significant reduction of the threading dislocation
removed. Thus, we are sure that the observed oppo- density in the GaAs epitaxial layer is observed. For

site wafer beiding originates from the compressively an unop imize layer sequence a dislocation density

strained GaAs layer. This compressive strain is of 5*10Y cm
-  

is realized after giawth of only

caused by the not completed strain relaxation of the 200 nmof GaAs. The dislocation density as well as
epitaxidl layer under the respective growth condi- the smoothness of the growth surface and therefore
t~ons, of GaAs/(AlGa)As heterointerfaces are significantly

In addition to the dependence of strain improved compared tn standard MBE- and MOCVD-grown

relaxation in growth temperature, also the substrate GaAs/Si layers.

off-ioienttion influesces the strain relaxation
process. GaAs epitaxial layers grown on 20 off-
oriented substrates are clearly more relaxed under 1) P.M.J. Maree, J.C. Barbour, J.F. van der Veen,
identical growth conditions than layers, which are K.L. Kavanagh, C.W.T. Bulle-Lieuwma, and M.P.A.
grown on 10 and 4' off-oriented substrates. Misfit Viegers, J. Appl. Phys. 62, 4413 (1987).
dislocations in enitaxial layers on high-quality
solstrates have to nucleate on the growing epitaxial 2) Y. Horikoshi, M. Kawashima, and H. Yamaguchi,
layer surface. Therefore besides the growth tempera- Ipn. J. Appl. Phys. 27, 169 (lgBB).
tore, the actual conditions on the surface (surface
reconstruction and the number of surface steps) also 3) W. Stolz, Y. Horikoshi, and M. Naganuma,
inf)uence the dislocation formation. For the samples Jpn. J. Appl. Phys. 27, L283 (1988).

grown on 70 off-oriented substrates the distance
betwees surface steps is almost identical to the

u 

Jp 
. J.App. 

Ph 
s. 2 , 19 

(188)



Abstract No. 499

X-RAY CHARACTERISATION OF CdxHgl_,Te EPITAXIAL The COT layers -re ajs, flons t,, be tiltd - "

LAYERS GROWN ONTO GaAs SUBSTRATES BY MOVPE respect to the GaAs s..os'rat-. The nognxtd o-f I in

lattice tilt varied ,rossa layer fr svefle s oir e

1.T. Brown, J. Giess and S.2.0. Irvl'e 1rc were -rk d variltion: it, the X-ray rocling
curve FWHM. The origin of this tilt and 1's risati.-

Royal Signals and Radar Establishment ship wit, the dislocation dcnsity is dsusse.

St Andrews Rd, Malvern, Worcs. WRI4 3PS UK

. i. Tunsieliffe, 3.1.C. Irvine, ,.D. tosset vin

CdxHg_.
5
Te (x - 0.2) epitaxial layers have been grown J.B. Mlii, J.Crystal Growth, 6i, A" f1914,

onto (001) GaAs subscrats with a CdTe buffec layer by

MOVPE. The CdTe buffer layers were grown at. 350 T. _.D. Edsall, E.. G--- . huioc,

using dimethyl cadmiom (DMCd) and di-isopropyl .. Crystal Grow i, (19o

tellurium (DIPTe) in a hydrogen carrier gas at one

at_. total pressure. The CdxHgl_Te alloy was A. A.G. Coullis, N.. Fhe , . Hr:.enn-n,
grown in the same reactor c:ll after growing a suit- S.J.C. Irvine and J. Giess, nst. -f Pysics

able thicket of CdT buffer layer. The mercury wa; Coif. Ser. 7h, 29 I85,

introduced as a liquid in the entrance zone and the
required partial pressure (- 0.01 rm.) created by 4. 1 .- Hirsch, Progress in, Meta- Physics, h, p23t,
heating the mercury and reactor wall. Uniform alloy B. Chalmers and r. King, editors, lergarot Press
growth was achieved by using the interdiffused mlti- London and New York 15h
layer process liMP) whereby -~e gas flows are Z5.i-l

between conditions optimised for HgTe and CdTe growth. 5 J.-M. Baribeas, D.c. Hoighton, 3.E. 'ack;an and
These binary layers are sufficiently thin for complete J. Medffrey, to be publisnie, .iesrvehe'.so.
homogenisation to take place at the growth temperature. (1988)
This process has been described in detail elsewhere(ll.

X-ray rocking curve widths have been compared with IMP
and direct alloy growth by Edwall et al(2) for epi-
taxial growth onto A203 substrates. In these authors'

expertence the IMP g:own layers had rocking curve
widths which were a factor of two broader. The present
study looks systematically at the factors which car
affect this property of the epitaxial layers.

For the CdTe buffer layers, the ratio of the alkyl ga

flows and the CdTe buffer layer thickness were varied
and the quality of the layers has been assessed by
double crystal X-ray diffractoeetry, The full width

half maxinum (FaiM) of the X-ray rosking curve has
been found to vary both as a function of layer thick-
n s and as a function of the DIPeO/DMCo gas flow

r t. For a constant gas fl-w ratis the FWHM
dec.vaned fre 1111 to 199 arc sees for layer hick-

resses of 1.3 im ,o 5.h im respectively. For a
constant layer thickness the X-ray rocking curve FWHM
decreased as the DIPTe/DMCd gas flow partial pressure

ratio was increased from 1.02 to ,7fb. The highest

quality buffer layers w-c the coed for layer thick-
nesses . owzos of 2 .vs with a c OTo/IMd g-n flow
partial pressure ratio of 2.78.

For CdxHgl_Te (CMT) layers grown onto the highest

quality buffer layer (- 4 im trick) the X-ray rockiig
curve FWHM has been mapped over large areas (1.5 em x
1.5 cm) using a fully automated X-Y stage. The lowest
FWHM recorded was 58 arc sees for a layer 12 p< thick.

However the samples were found to be non-niform with
typical variations in FWM -aging from as low as
50-7U arc sees to as high as 800 arc sees. The
rocking curve width tended to increase for areas where

the surface morphology deteriorated. In-situ anneal-
sng both below and at the growth tvperature improved
the uriformity but did not significantly i..isor
reduce the minimum rocking curve widths.

The origin of the X-ray rcking curve broadesing for
!hese layers in discussed and it is shown that fcr

rvking curves itO a FWM is excess of 40 arr sero
the dominant contribution to the broadening is
espered to be due to the high disloratio density

generated by the large, mlsmatch (- 14%) in this
syse. (3). The lateral noi-uniformity it FWHM
Absvrvri for th- CMT layers has been otown to rerr-

yord t' c-br iolionn in the dislocation. density of

between 4 x 10
' 

cm
- 

and 'r x 1P cm
-

, by ,rsing th.'
exprrssivt derived by Hlirchr() atid xpeqrmial ytdj
ornfirr-,' I- hyarr,.rl, t alt vii.

71"
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Effects of Misfit Dislocations and Thermally-Induced Strain 950°C for 15 seconds.
on the Film Properties, of Ileteroepitaxial GaAs on Si

The presence of biaxial stress in the GaAs/Si samples
RAM. Lurn, J.K. Klingert, R.B. Bylsma and A.M. Glass also has a measurable effect on the optical properties of these
AT&T Bell Laboratories, Holmdel, New Jersey 07733 films. Identification of the individual transitions in the

GaA/Si spectrum is complicated by the effects of the biaxialA.T. Macrander, T.D. Harris and M.G. Lamont tensile stress. These include a decrease in the bandgap energy
AT&T Bell Labratories, Murray lill. New Jersey 07974 and a removal of the GaAs valence band degeneracy. Two

peaks were observed that were associated with transitions to
the lower energy valence band state. These arise due to

In the heteroepitaxial growth of GaAs on Si large different levels of strain in the material. The origin of the
internal stresses are introduced in the films as a result of the two different strain regions in these samples is unknovwn.
different lattice constants and thermal expansion coefficients They may be associated with the presence of micro-cracks in
of the two materials. During growth the stress due to the 4.1% the fils, since samples less than 2-um thick, which are
GaAs/Si lattice mistatch is relaxed by the formation of misfit generally free of cracks, do not contain the higher energy
dislocations. The interfacial dislocation density is of the order (lower strain) PL peak. Samples exhibiting the two peak, were
D,=1012 cm-

2
. Strain in the film may also be relieved by generally characterized by PL spectra which varied widely

dislocations present further away from the interface since with samsple illumination position. Conversely, the PL spectra
man), of the interfacial dislocations propagate into the epitaxial of GaAs films on thick (0.040") Si substrates, which have only
any e D - fsmall cracks near the cleavage edge are similar for all parts oflater, e.g. Dz=l0-t08 cna

2  
for files thicknesses c=2-dum, the sample. PLE spectra of these well-behaed samples

On tie other hand, since the thermr expansion coefficient of indicate the presence of a continuous nonuniform strain field
GaAs is more than twice that of Si, significant thermal stresses in the GaAs film, rather than the two discrete levels obsered
are dereloped in the films when they are cooled to room in the crack-prone films on thinner Si substrates.
temperature. The thermally-induced strain and high
dislocation density greatly affect the structural, optical and The GaAs'Si samples containing 3-un thick GaAs
electrical properties of the GaAs heteroepitaxial films. We films on ,Lth sides of the Si substrate exhibited PL spectra
report a study of tbese effects using X-ray diffraction, laser that were similar to that obse.ved for the single-sided growth.
beam reflectron, low temperature photoluminescence (PL) and tire roain difference being the appearance of additional
..rpcrance-voltage (C-V) techniques. impurity peaks. Although wafer bowing is eliminated by

double-sided growth, the PL data confirm that the internal
The GaAs filhrs were grown by mealorganic chemical strain in these samples is essenialls the same as for single-

apor deposition (MOCVD) in a horizontal reactor. The GaAs sided growth. The PL. and PL.E data indicate that the
fil,.s;',ere deposited on (1001 and 20 off (100) Si substrates measured stress is independent of substrate thickness
which were subjected to an in-situ pre-growth anneal at
975oC in an t-2/Asll 3 ambient. A thin (t1000 A

0
) GaAs Doping profiles of the GaAs Si samples ssere obtained

from captiacitance-voltage iC-V) nmeasurements using a mercury
buffer layer was then deposited at 425

0
C price to rowtb of a probe. All samples 'ere fond to Ic n-ISpe tts the carrier

I-5ua thick GaAs top layer at 700
0

C. concentration in some cases exceeding 1017 cm-
3 

v.ithin 0.5
un of the surface. In-situ annealing of the thin GaAs buffer

The structural characteristics of the GaAs/Si laycr prior to deposition of the top laer both improsed the
ieteroelitaxial fitrs were determined with a double-crystal crystaline quality of the epila.er. as measured b the linesvidth
X-ray diffractometer. The measured GaAs lattice mismatch of tre X-ray rocking curses, and led to considerabte rednction
indicated that the filhnr were tetragonally distorted and that a in the background. in general, a quadratic relationship was

biaialin-plane observed beteen the carrier concentration of the samples and
lattice mismatch (4.21-4.28%) to exceed the strain-free value heir X-ray linew idths. This c)pe of behaior has also been
(4.1%). Although not always apparent in the as-grown films, observed in lattice ti sTist ped InGaAs nP grooh an by the
micro-cracks are usually quite evident after cleaving or hydride process, where tre noarually high carrier
etching of the GaAs/Si wafers. The cracks, which are concentration as deteroined to he as intrinsic property of
approximately 0.5 urn wide and spaced 10-50 um apart, are the large sthber of distocaions resu ling front the lattice
parallel to each other and extend the length of the sample (1.5 tlr nutie sa slo
cri1) along a <100> direction. Growing the GaAs films on a mismatch in the samples.
thicker Si substrate (0.040"1 considerably reduces the number
of cracks. In this case the spacing between cracks is greater In conclusion, GaAs heteroepitaxial films on Si contain
than 100 um and they extend only a short distance (<50 um) large biaxial tensile strains due to tie thermal mismatch of the
along the sample. Although the use of 0.040" Si ubstrates is two materials. The lattice misfir strain component is
not anticipated for device applications, the study of the effects negligible, being almost entirely reliered by the generation of
of substrate thickness on film properties provides additional dislocations. The internal strain field causes whafer bowing
insight into the leteroeptaxial process, and, for thicker GaAs layers, film cracking. Wafer bowing

was successfully eliminased by growth of (iaAs filoss on both
The internal biaxial stress present in the GaAs films sides of the Si substrate. Insight into the heteroepitanial

causes the GaAs/Si wafers to bow. The stress-induced radius process and character of tire strain field was obtained by
of curvature, R, was determined from the X-ray latree analysis of crack-free GaAs films deposited on 0.040- thick Si
mismatch and independently measured by reflection of a laser substrates, in addition to use of wafers haing the more
beam from the wafer surface. Both sets of data are in good standard 0.020" thickness. lhe strain in well-beha'red samples
agreement and indicate that, for films thicker than I-unm, I/R was distributed irr a continuous nonuniform manner
is proportional to film thickness. throughout the film, while that in crack-prone samples

appeared to be concentrated in two discrete regions. When the
Wafer warpage can be eliminated by growth on both number of misfit defects in GaAs'Si exceeded 10' cm*', the,

sides of the Si substrate. We have accomplished this by were observed to affect the background carrier concentraro
sequential growth of GaAs films of identical thickness on each in the films so that C-V determinations of n, no longer
side of the substrate. For comparison, a second substrate had provided a reliable measure of N0 -NA.
a layer grown on one side only during the same nun.
(uralure nreasurements on the pair indicated that, indeed,
1,,to.,ng was eliminated in the double-sided sansple. This

,proich may be useful for applications which utilize uniform
(iaAs coverage across the wafer. No changes in flatness of
either wafer were observed following a rapid thermal anneal at
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EPITAXIAL LAYER MISORIENTATION dicative of the 3.5o Si miisorientatioo that is required ill GaA
IN HETEROEPITAXIAL GaAs ON Si oil Si for thle supression of antiphoase domain formttaion duriing

R.J. Matyl and H.F. Schaake groswth. The magnitude of the tilt between the GaAs anld the-
Central Research Laboratories Si sub~strate are 0.096' for the two-stcp growth samtple (Figure

Texas Instruments, lno*. 3) and 0. 113o for the samtple grown using the TSL approach

Dallas, TX 75265 (Figure 4). While the tilt inl tile two-step GaAs is siotolar to
that reported previously fcor a similar sample,', the- as-growii

D.C. Deppe and N. Holoxoyak, Jr. TSL sample exhibits a significantly larger inisorieototiooi. Thle
Electrical Engin-cring Research Latiolatorile tilt after annealing was found to be 0.068' atid 0.02S' for the,
University of Illinois at Urbana-Champagne two-step andl TSL samples, respectively. The decrease in tilt

Urbana, IL 61801 in the two-step sample is again consistenrt with previous cdi-

Thle generation of dislocations during growoth and their sersatiois; this is in contrast with thle large de~crease ilii oh,
propagation into the growilog filmn is a subject of p)erenniial TSI, GaAs tilt after anineling. The diffeistioc bet we,-ti the(
initerest in heteroiepitaxial growth. One effect of miisfit dilo two-step and TSL samples canl lie explained by the difference
cations istepeec famsretto rtl ewe nin dislocation structure that is created at growth initiation.

epitaxial layer antl e substrate. This phenonmenoin has bet-t It is imsportanit to note that tile effects of a mijcrsop ci-
stuied in depth by Olsen and Ettetiberg,' who shosedc thait feet rearraligemeitit are manifested as a macroscopic cliatige inl
bhe inclination of the Burgers vector of a misfit dlislo~cation epilayer mnisorientation.
wsit h respect to the heteroititerface will creatiefa vector cool- A comuparison tietween the twct samples also res-eals thlit
ponttt that is perpendicular to the interface and result ill a the phlase of the( GaAs tilt is atdsaniced ts-ith

1 
respect to the

inisorientation or tilt between the layer andt sutitrate-. Tile subst rate in the two-step samuple while it is ret arded ill tle
origin' of this otisorienitation, is illuost rated in Figstre l. A Isto- saiple grown using tle TSL. Tile phase of the i-pit axial layer
cat ion Burgers sector lying in a crystallographtie dcion tit ainisorietttatiot -also chiangetd sigtiificanttly inl both cases. This
lie resols-ed into comptnots that are parallel aint. perpi-tdicit- is nost esidetnt in the annealed TSL satmple when- the ittax.
Jar to the heterointerfaee. Tile parallel couipjoni-it ri-iri-scit, s"ita inl tile WS, and tile w S, - C.A. curses differ by abut 90'.
a puire iisfit comptonent that is effectis-c at relievinig th lat- This effect rail lie ascribeid to the relatis-c piropoort ions of Typo
lice xilisntatcb at the interface. Ito cototrast, thli pvrpe-rdicular II dislocat ions in tile saniple. Thc liiise" data su gge-stin
coitipottetit gives rise to a nisorientat iou . Theo :etiseo-f the itieqiivaletoce its thle four possible Type 11 dislocatin (etch
iiiisiorientation is shown in Figure 2, a-liere ait aria:--tof ill aith perpendlicoilar Burgers sector etittihtitent s) ini t w
loctiotts a-ith perpt-idicular Burgors vectors isith ilie-title samp~les.
stoisi- form a lios atigle bonndarN. It baa retntl - tibcot slimvuI thatt post -gi oth I: otioutlo of

Retcent ly the epoit axial latyer tssisorict-itt at in GaAs ioni Si GaAs -ott- Si tilttder a fluei ovserptressiire ctti favotrabily itioc t thei
hats been reported." While misfit dislo-ittots loat - le-- odislicttiotn structutre of the GaAs filtit' Sitce Zit is a p-type
pioxitnately paralltl tot the ititerftace ( cotooiti tly i-ft-rnil tti as5 tlpaot iii NBE GaAs, it is possitile that the( inetoclo ct ii i f
Type I dislocatitons) were founidi to lie caipalet if liroitooing Be dut-lng grot-h might inifluencte thet dlisliotation ti uti ;,
hpitatxitol layer itiistiietttatioti. the senise oif t his tilt a-as toihio- well. Figures 5 illuistrantes the Ilotitoat ittl iiieitsii-iia itt,

.sito, to that which was observ-etd expi-ritictally. The dlirectiont made froti a 2 jo00n thick GaAs iliot grows-til-ith tw-lie
tif tile tilt was ctorrectly predictesl by a nItitlel inll itle n set 1iroceolsie that a-as heavily Be-doped dlurinig the first C.000
of 45' dilslocations (sto-calletd Typie 11 disloctioots) is fotrmetl A of groweth. Tlt, data show toil c-St ro-tiis- large toisii-it-ta
in reritiially' tlie to greater relieftof otie 4.1 

tA Ga As/Si isit ticon cof 0.1 750 intile as-grttan it-diopeil samptlei: t his result
Tile rliauiges ito the tilt betweeni tlio, phitaxial lacer and f ie, sulggests a sigttifieatit chtatnge Iol tile tdisloc-toion Strti-tor- as ;
sulbstrate were attriiutedl to chanoges iii tile robot is-i ;orcopr- resttlt tof dioitog. Followling p00st -grot-tt anti-al the tiagoti
tions tot tile various disloications that wi-re gi-itoriutetl ding tode tof tll' tilt tlecr-il lu was still tuch- large-r I talt tha st
til- GitAs-tit-Si eloitaxial growth. otbserveil ii toitipei GatAs -ott-Si. fin conotrst tito, Z1, difflt-d

lIn tile pre-sett stttdy we base exatitied fiiit-er thIto rtluo satmule ( Figuore- G) stoiweoi little iliffo-itue ill tlio- taiotitiii,b
otisltip bietweeno MBE grtowt h and pust -growth porocessitng 0000 tof tilt tbefotre antdu afte-r tile Joust-grouthI tretmt.toi TIto- fat
'Ito tuosoriettat ion epitaxial GaAs 0010 Si.- X-ray dliffrtactiont is that tile tilt oli l oti choange grettly ttil- t itle X--s la e kiii
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A Structural Investigation of Compositionally
Graded InAsi_,Sb. Buffer Layers'

R. M. Biefeld

Sandia National Laboratories

Division 1144
Albuquerque, NM 87185

InAs, Sb,/InSb strained-layer superlattices (SLS's) have Direct evidence for the lack of sufficient dislocation

been proposed for use as long wavelength detectors in the formation to remove all of the mismatch between the buffer

8-12 m range Ill. The preparation of crack- and dislocation- layer and the substrate was obtained b, ,.ruble crystal x-ray

free InAs,.,Sb/InSb SLS's which absorb in the 8-12,m range diffraction. The strain profiles for all of the samples examined

has been recently demonstrated [2]. Infrared indicated that there was some residual strain in all of the

photoluminescence was performed on these SLS's and buffer layers which were examined. The residual strain occurs

estimates of the band offsets and strain shifts in these materials when not enough dislocations or cracks form to allo, the

indicate that the superlattice is type 11 [3]. The preparation of buffer layer to relax to its equilibrium lattice constant. The

these high quality SLS's was achieved through the use of residual strain in the buffer layers ranged from 10 to 30

compositionally graded buffer layers. These SLS's and buffer percent. The most strain relief took place in the lineark

layers were grown by metal-organic chemical vapor deposition graded buffer layers. This greater strain relief re-ilts in a

(MOCVD). better l,,;;ice match between the SLS and the buffer layer.

The structures prepared in this work consisted of the InSb This in turn leads to a smaller residual strain in the SIS and

substrate, an initial InSb epitaxial la),c;, a buffer layer and an correspondingly larger critical layer thicknesses for dislocation

uppermost superlattice. The buffer layers were of four types: and crack formation. By using the amount of residual strain

i) a constant composition layer; 2) a step-graded layer present in the graded layer to predict the final lattice constant

consisting of three or five equal thickness, constant for the buffer layer, it should he possible to grow a nearlh

composition layers; 3) a continuously graded layer where x orai, free SIS.

increased exponentially with layer thickness and 4) a Transmission electron microscopy provided direct evidence

continuously grad -I layer in which x increased linearly with for the enhanced strain relief in the thicker buffer layers by the

layer thickness. The compositions were determined from formation of misfit dislocations within the bulk of the buffer

double-crystal x-ray rocking curves using the (004) and (115) layers. Dislocations were observed only at th, substrate-buffer

reflections. The strain distribution and layer thicknesses of layer or buffer-buffer layer interfaces in the thinner buffer

both the buffer layers and the SLS's were obtained using a layers.

kinematical model as previous]) descibed [4]. The surface The degree of relaxation in these buffer layers is

morphologies were examined by Nomarski interference considerably less than would be expected frsn' the resuit of

contrast microscopy. The distribution of dislocations in the conventional equilibrium models, but it is more complete in

butfer layers was investigated by transmission electron the continuously graded than in the step-graded layers. This

microscopy. behavior can be explained in terms of Taylor-type work

The surface morphologies of the samples grown on thick, hardening which invokes interactions between the lisloc-ions

continuously graded buffer layers showed the presence of the [6). Comparisons of the predictions of these models will be

normal cross hatching which is typical of mismatched layers presented and their use in designing strain-reliesed structures

which contain dislocations. However, the surfaces which will be discussed.

contained thin buffers or buffers with abrupt compositional

steps indicated the presence of microcracks. The correlation REFERENCES
1. G. C. Osbourn, J. Vac. Sci. Tech., B2, 176 (1984).

between thickness and crack formation was found to closely 2. S. R. Kurtz, G. C. Osbourn, R. M. Biefeld, L. R. Dawson,
follow the predictions of Matthews and Klokholm [5]. When a and H. J. Stein, Appl. Phys. Lett. 52, 831 (1988).

critical layer thickness was exceeded for a particular mismatch, 3. S. R. Kurtz, G. C. Osbourn, R. M. Biefeld, and S. R. Lee,
AppI. Phys. Lett., submitted (1988).

microcracks formed in the samples. The thicker, continuously 4. V.S. Speriosu, M. A. Nicolet. S. T. Picraux, and R. M.
graded buffer layers apparently allow enough dislocations to Biefeld, Appl. Phys. Lett., 44, 223 (1984).

5. J.W. Matthews and E. Klokholm, Mat. Res. Bull., 2, 213

form during tl.i layer growth so that the critical layer thickness (1972).

for crack formation is never exceeded. In contrast, not enough 6. E.W. Dodo.n, Apul. Phys. Lett., submitted (1988).
'This work was perr( rii;rd at Sandia National Laboratories

dislocations are formed in the thinner layers to prevent the supported by tne US b u inder Contract No. DI-

critical layer thickness for crack formation from being A-"76DP0789.

exceeded.
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HETEROEPITAXY WITH LARGE LATTICE MISMATCH:TIN AN--- M Ti-

C.-H. Choi, S.A. Barnett
Department of Mat-ilatsScince and

the Materials Research Center
Northwestern University
Evanston, IL 60208, USA

and

L. Hultman, J.-E. Sundgren
Department of Physics
Linkdping University

S-581 83 Linkhping, Sweden

Epitaxial metallic nitride films on Si substrates
have potential applications for high-stability
metallization, metal-base transistors, and 3D
integrated circuits. Despite the large lattice
mismatch inherent in the systems (TIN - 26%, ZrN -
16), epitaxial TIN and ZrN films have been grown on
Si(100). Reactive magnetron sputtering from Ti or Zr
targets in pure N2 discharges yielded growth rates
from 500 to 1000 nm/h. Substrate temperatures T. from
600 to 110°C were used. Auger electron spectroscopy
showed that films grown at , N 600

0
C were

stoichiometric. Reflection elecron diffraction
(RED), TEM, and X-ray pole figure and diffractometer
measurements were used to show that epitaxial TiN and
ZrN were obtained. Studies of the epitaxial interface
and defect structure using cross-section 1TC will be
described. Initial ZrN experiments showed increased
preferential orientation of film grairs with the
substrate as T. was increased above 750

0
C until

epitaxial films were obtained at 900
0
C, More recent

TIN results showed epitaxy for T s > 7yOC.
Substantial improvements in film quality were
obtained by depositing the first 50 nm at low T. and
then raising T. for the balance of the growth. The
epitaxial relationships were found to be
XN(100)//Si(l0) and XN[Ol1]//Si[0i1] for X - Ti and
Zr.



In Situ CharacLeri lion of Beteroepitaiy by for the generation of misfit dislocations. It is

Quasi-elastic Light Scatterin possible that the 3-D growth is caused by the
presence of dislocations generated by misfit.

J. N. Olson
Figs. 3 and 4 compare the heteroepiLtaxy with nP and

Solar Energy Research Institute Ga
0
*
5
ln

0 5
An on GaAs and illustrate the effect of

Colden, Colorado 80401 other actors including growth rate, temperature,
and V/Ill. InP and Ga

0 5
1n0 

5
As have the same lat-

tice constant and hence the" same lattice mismatch

Latt ice mismatched heeruepitaaial structures with respect to GaAs, yet InP grows with a stronger

inciuding strained-layer superlactices (SL~s) of 3-D morphology than Ga 0 5
1n, 

5
As. Similarly,

semiconducting materials are currently of coo- stronger 3-D growth is observed for increased growth
siderabie interest in the electronics community. It temperature and V/ill ratio and decreased growth
is now generally accepted, however, that SLSs with rate. These results suggest that factors that

urbitrari
t
y large interlayer strain and thicknesses increase the adatom surface mobility relative to the

and perfect planar morphology are difficult, if not incident diffusion flux will tend to increase to the

impossible, to grow 11,2,3]. Using quasi-elastic effect that IatLi mismatch has on the 3-D growth

light scattering, we show that this is a consequence morphology.

of thr intrinsic, thermodynamic tendency of strained
epitaxial films to grow with a three-dimensional The Stanski--Krastanov mode of growth is also

morphology. observed for SLSs. The transition from 2-D to 3-D
growth morphology is determined primarily by a com-

Most of the experimentl insight into this problem bination of the interlayer strain and the strain

has been gleaned from work on the growth of SI.Ss between the SLS and the underlying buffer layer or

using MNE and the host of in situ analytical equip- substrate. Again, these effects are modulated by
meet typically found on most MBE machines. The surface kinetic and chemical parameters.

situation for MOCVD-grown SLSs is considerably less

advanced due, in large part, to the lack of in situ
growth monitoring technioues. With this in mind, we REFERENCES

hae developed a simple apparatus for measuring the
quasi-elastic ight scattering (QLS) from the sur- I. W. U. Laidig, C. K. Pang, and Y. F. hin, J. Vac.

face of a growing epilayer 14]. The QLS measurement Sci. Tech. B, 2 181 (1984).

is sensitive to the roughness or three-dimei-,ional
(3-D) morphology of the growing surface. 2. A. E. Blakeslee, A. Kibbler, and M. W. Wanlass,

Superlattices and Miorostructures, 1(4) 339 (1985).
A schematic of the QLS apparatus in combination with
the MOCVD reactor is shown in Fig. 1. Light from a 3. I. J. Fritz, S. T. Picraux, L. R. Dawson, T. J.

15 mW HeNe laser is directed approximately normal to Drumimond, W. D. haidig, and N. C. Anderson, Appl.

the surface of the growing crystal through a quartz Phys. Lett. 46 967 (1985).
window. The window is effectively cooled by the in-
coming source gases and consequently remains trams- 4. J. M. Olson and A. Kibbler, J. Crystal Growth
parent for the duration of the experiment. The 77, 182 (1986).

scattered light at an angle q (close to 0 ) is

focused by a telemicroscope into the aperture of a
silicon photodetector. The MOCV apparatus is com-
pucer-controlled with a gas manifold and reactor

geometry designed to yield, at one atmosphere

pressure, abrupt interlayer transitions. The source

gases were trimethylgallium (TMC), trimethylindium
(TMI ) and Asi and PH3 diluted 1:10 in Hf2 . The HeNe
flowrate of the If2 carrier gas was 3 sIn. The lase Sdlcon

layers were 2rwn on either semi-insulating or Zn- detector

doped ( S0 cm ) GaAs substrates oriented 2o off
(100) toward (110).

For lattice-matchd heteroepitaxial systems (soch as --Opfical quara window
AtGaAs/GaAs, GaO 

5
1no 5 P/GaAs and In 5 5 s5 o 5 As/ln'l Thermocouple-

we find, in general, 'that the growth morphology is T-ermousceleases
dominantly 2-) yielding surfaces that are specular, gaMO. .s-thtaespclr (TMG. TMI. ASHA
i.e., yielding little or no scattered light. For Susceptor Substrate
lattice-mismatched systems, the situation is more
comples. This is illustrated in Figs. 2-4. Fig. 2 C7 "C
shows the time resolved QLS (I ) from the growing CD7
surface of Ca I10 As on GaAs for four diffvroot CD - rtcod
values of x. his behavior is characteristic of the
Stranski-Krastanov growth menhanism: nucleation and C (
growth oI a continuous epilayer with a smooth, 2-D ( D
surface morphology (as evidenced by little or no
change in I ) ol owed by the onset of a 3-D growth - Gnarl reacio,
morphology tand a sirong increase in I

S 
). For a=S,

the at ice mismatch between the InAs and the GaAs

substrate is roughly 81, and the thickness of the
2-li layer is a few monolayers. For larger values of

(and correspondingly smallrr oalues of Iat'ire
mlsmutch) the thickners f the 2-h ) layer berumes Fig. I A schemal ic diagram of I oe QI.S-OCVi

larger and exceeds 90 nm for x-0.75. In general, apparatu.
hoarser, the transition from 2-f to 3-D growlh is
noi, abr pl, . F-irthermorr., nore the similarity with
coh,-rent epttxy and th, crt ical layer t hickness
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X-Ray Diffraction Study of In.17Gag3As/GaAs
Strained-Layer Superlattices

D.E. Grider, R.R. Horning, and T. Nohava

Honeywell Sensors and Signal Processing Laboratory
10701 Lyndale Ave. S., MN09/1100
Bloomingtsn, MN 55420

Pseudomorphic InGaAs heterostructures grown using MBE total strain in the In. 17Ga.&3As/GaAs superlattice when
are playing an increasingly important role in the develop- the In.t 7Gag3As layer thickness exceeds 197 Angstrom.
ment of III-V heterostructure FET devices. Characteriza- The strain in the Int 7GaS3As layer as well as the total
tion of strain in these heterostructures is essential not strain continue to decrease for larger ln.1 7Ga&3As layer
only because of the strain-induced InGaAs valence band thicknesses.
splitting which gives rise to enhanced hole mobility and
thereby improved p-channel device performance, but also The percentage of the lattice mismatch accommodated by
because the incomplete accommodation of InGaAs and lattice strain in the various layers can also be calculated
GaAs/AIGaAs lattice mismatch by strain results in the using Vegard's law to establish the total lattice mismatch
formation of misfit dislocations which severely degrade between the In t7Ga &;As and GaAs layers. Using the data
device performance. shown in Figure 2 for In t7GagAs layer thicknesses

below 197 Angstrom, it was found that essentially 100% of
Int7 GasAs/GaAs strained-layer superlattices (nominally the lattice mismatch is accommodated by the total lattice
75 periods of 200 Angstrom/200 Angstrom) were grown on strain in the In 17Ga As and GaAs layers. In 17Ga.A3As
3 inch GaAs substrate wafers using a Pill 425A MBE layers thicker tian 147 Angstrom have from 87% down to
system. The thickness of the In t7 Gag3As layer thickness 74% of the lattice mis-iatch accommodated by the total
was chosen to be approximately equal to the 180 Angstrom lattice strain in the ln.17Ga.3As and GaAs layers.
critical layer thickness for the formation of misfit
dislocations /1/. Making use Cu(KA) radiation and the It should be noted that misfit dislocation lines were
Bond method to eliminate Cu(Kal)/(Ka2) splitting and clearly visible using Nomarski microscopy at positions on
positioning errors respectively, Theta/2-Theta x-ray the wafer where the x-ray diffraction measurements
diffraction scans of superlattice satellite peaks near the indcate that 100 % of the lattice mismatch is accom-
GaAs(400) peak were carried out at a number of positions modated by strain. This is in agreement with previous
radially from the center to the edge of the 3 inch wafer, observations that strain is not a good indicator of the

onset of misfit dislocation formation /4,5/. These misfit
dislocations undoubtedly result from the fact that the

The superlattice period was determined using a least total thickness of all of the In.17Ga.&As layers in the 75
squares fit to the angular positions of the superlattice period superlattice exceeds the critical layer thickness by
satellite peaks in the Theta/2-Theta scans /2/. Using almost two orders of magnitude.
this method, the period of the In 17Ga g3As/GaAs super-
lattice was found to decrease monotonically from the However, the substantial decrease in the total strain for
center to the edge of the wafer by approximately 15%. In 17Ga.g3As layer thicknesses greater than 197 Angstrom

provides clear evidence that there is a significant increase
The strain perpendicular to the interface in both the in the misfit dislocation density for thicker In1 7Ga SAs
In.t7 Ga,3As and GaAs layers as well as the individual layers. It is important to note that this evidence 'for
layer thicknesses were determined by comparison of the increased misfit dislocation density occurs at an
superlattice satellite intensities with a calculation based In 17GamAs layer thickness that is approximately 10 C
upon an abrupt interface model /3/. The strain in these larger than the 180 Angstrom critical layer thickness
layers parallel to the interface was then determined using predicted by the Matthews-Blakeslee model /1/, therebN
the Poisson ratio. providing further support for the validity of this model.

A significant variation in the compressive parallel strain The use of X-ray diffraction to measure strain in
in the In tGag3As layers was observed radially from the In.T17Ga&3As/GaAs strained layer superlattices can also be
center of the wafer as shown in Figure 1. The strain in used to examine the long term stability of strained
the center of the wafer was found to be approximately systems or to investigate the effects of various device
30% smaller than the strain near the edge of the wafer, processing steps on the strain. For example, this
Figure I also shows that only a small fraction (i.e., technique has been used to show that a Rapid Optical
between 15% and 20%) of the total strain in the Anneal (ROA) typical of that used in the self-aligned gate
IP.jiGa,.jAs/GaAs superlattice was localized in the GaAs device fabrication process has virtually no effect on the
layers, and that this tensile parallel strain in the GaAs strain in these strained layer systems /3/.
exhibited no clear dependence on position radially across
the wafer. In agreement with the superlattice period 1. J.W. Matthews and A.E. Blakeslee, J. Cryst. Growth 27,
results, the thickness of the individual In. 7Ga.mAs and 118 (1974).
GaAs layers was found to decrease approximately 15% from 2. R.M. Fleming, D.B. McWhan, A.C. Gossard, W. Wiegmann
the center to the edge of wafer. and R.A. L.ogan, J. Appi. Phys. 51, 357 (1980).

3. D.E. Grider, RR Horning, T. Nohava. and D. Arch, in
The close correlation between the variation in the preparation.
InI17GajLAs layer thickness and the strain in the 4. I.J. Fritz, P.L. Gourley, and L.R. Dawson, Appl. Phys.
In , 7Gag 3 As layer is shown clearly in Figure 2. Note I.ett. 51, 1004 (1987).
that the absolute values of the compressive parallel strain 5. I.J. Frit7, Appl. Phys. Lett. 51, 1080 (1987).
in the In .t7Ga.RaAs, the tensile parallel strain in the GaAs
and the total strain are plotted. Perhaps the most
striking feature of Figure 2 is the sharp decrease in the



Combined Layer

I * Paralle Stra

I n, In Layer

0 do GaA. Layer
flt Parallel Strain

Radial Distance from Water Center /cm

Figure 1. Lateral variation in the absolute value of the

parallel strain in individual In I7Ga.83 Xs and GaAs layers

as well as the combined paralfel strain for a strained-
layer In.17Ga.3As/GaAs superlattice.

r Conrter layer
eaallerc St rare

: Parale .ira...

GaAs Layer

X) yrn Parair1 srrain

In t713a yoAs Layer Thickness /Angstrom

Figure 2. Jn 17GajAs layer thickness dependence of the

absorlute value of the parallel strain in individual

In., 7GagXAS and GaAs layers as well as the combined

parallel strain for an In 1 GsA/GaAs superlattice.



Abtrct No. SO6

RELATIONSHIP BETWEEN X-RAY LINEWIDTH AND
SIGN OF THE MISMATCH OF HIGHLY PERFECT

InGaAsIInP GROWN BY METAL ORGANIC
CHEMICAL VAPOR DEPOSITION

A. T. Macrander. S. Lau, J. Long. and D. M. Coblent7

AT&T Bell Laboratories
Murray Hill, NJ 07974

ABSTRACT

X-ray double crystal rocking curve data for an InGaAs epitaxial
layer grown on a (100) oriented InP substrate by metal organic
chemical vapor deposition ( M 0 C V D ) were obtained at 30
locations on a wafer measuring 14 x 28 mm. The mismatch on
this wafer varied from .0.14% at the upstream edge to +0.08% at I

r  

. .

the downstream edge. The mismatch did not vary in the direction (4 00o)

lateral to the gas flow direction in the horizontal MOCVD
reactor. Full width at half maximum (FWHM) values were 0 0 u In. 3 0GoosaA

clearly correlated to the sign of the mismatch. The smallest
linewidths were found in the case of positive mismatch. In I0

3

addition, as shown in Fig. I, strong Pendellosung fringes were z PSENELLOSUNG

observed for the positively mismatched portion of the wafer, and o T  FRNGES
these fringes were used to obtain the variation in the thickness of io
the epitaxial layer.' All the rocking curve data were obtained a,

under computer control. Automated x-y stepping and crystal 0 '-- 260 450 Coo 656 1000
alignment permitted unattended data gathering. The thickness of ROCKING ANGLE (ocsec
the epitaxial layer varied from 0.396 microns to 0.350 microns.
The change in linewidth as the match changed sign appears to
rule out mosaic broadening du ) misfit dislocations. Models
involving a mosaic broadening due to dislocations threading up
from the substrate in the case of negative mismatch (but not for
positive mismatch) will be discussed. For the portion of the
sample which was positively mismatched the linewidths are equal
to ideal values calculated using dynamical diffraction theory. To
our knowledge this degree of perfection has not been reported
previously for InGaAs groun on InP by MOCVD.

I .4 7 Morandr , nd K S11ene. J Appi PhI . 19, 442 (1006)
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The Use Of Lattice Mismatch Measurements On InGaAs REFERENCES
Layers As A Means Of Investigating VPE Growth
Processes 1. R. F. Karlicek, B. Hammarlund and J. Ginocchio,

D. N. Buckley J. Appl. Phys. 60, 794 (1986).

2. R. F. Karlicek, Jr., 0. Mitcham, J. C. Ginocchio,AT&T Bell Laboratories and B. Hammarlund, J. Electrochem. Soc. 134,
Murray Hill, New Jersey 07974 470 (1987).

In the growth of Ill-V materials for optoelectronic 3. M. Yoshido and H. Watanabe, J. Electrochem. Soc.
applications, it is frequently important that epi- 132, 1733 (1985).
taxial layers of ternary and quaternary alloys be 1-3
closely lattice matched to a binary alloy substrate 4. D. N. Buckley, J. Electron, Mater. 17, 15 (19C8).
Careful control of gas phase growth parameters is
therefore required in vapor phase epitaxy to minimize 5. A. T. Macrander and K. E. Strege, J. Appl. Phys.
variations in the composition of the layers grown. 59, 442 (1986).
It has been demonstrated,

5 
that such control also

enables the growth of InGaAs having a high degree of 6. A. T. Macrander, E. R. Minami, and D. W.
crystalline perfection. Conversely, measurements of Berreman, J. Appl. Phy. 60, 1364 (1986).
lattice mismatch

5
,
6 

provide a sensitive method for
investigating compositional variations in epitaxial
layers. Variations in In:Ga ratio can be estimated
with an accuracy of the order of 0.15 from lattice
mismatch values determined by x-ray diffraction
measurements. In contrast, it is usually difficult to
achieve an accuracy better than 1-2Z in measurements
of growth rate. The relative rates of deposition of
indium and gallium in the growth of InGaAs can there-
fore be investigated with much greater accuracy that
the corresponding rates of deposition of binary
compounds. Thus, x-ray diffraction determinations
of lattice mismatch provide a unique means of in-
vestigating aspects of the deposition kinetics of
ternary alloys such as InGaAs with much greater
sensitivity than can be achieved in comparable inves-
tigations of binary alloy growth.

Results of double crystal x-ray diffraction measure-
ments to determine the lattice mismatch of epitaxial
layers of InGaAs on InP will be presented. These
measurements have been made on layers grown under a
variety of gas compositions. Scanning electron
microscopy measurements on cleaved cross sections have
been used to determine corresponding growth rates.
The composition of the InGaAs was influenced by the
input mole fractions of HCI to the metal boats, by the
mole fraction of HCI injected directly into the growth
region, and by the input mole fraction of arsine.
Growth rate and lattice mismatch data for layers
grown using various different values of these gas
phase parameters will he presented. In general, the
growth rate was found to increase with increasing
mole fraction of arsine and with decreasing mole
fraction of directly injected HCl.

A clear interrelationship between growth rate, lattice
mismatch and gas-phase metals ratio was observed.
This provides useful information on the relative rates
of processes occurring at the gas-solid interface
during growth. It will be shown that the gallium
content of the layers grown decreased with increasing
growth rate. The data is consistent with depletion
of the GaCl concentration at the gas-solid interface
due to diffusion across a boundary layer. The impli-
cations for the mechanism of the growth process will
be analyzed.

The author would like to thank A. T. Macrander for
helpful discussions, C. M. Stiles for SEM measurr-
ments and W. D. Johnston, Jr. for advice and
encouragement.
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Structural Characterisation of Strained Layer Figure 2 shows a least squares fit to the data,
Quantum Well Systems by Grazing Incidence X-ray using the parameters given in Table I in a

scattering kinematical theory . These parameters are in good
agreement with the nominal growth parameters and show

C.A. Lucas, D.F. McMorrow and S. gates that it is possible to obtain structural informatior
on epitaxial layers 80 W, or less, in thickness.

Department of Physics, University of Edinburgh,
Mayfield Road, Edinburgh EH9 3JZ, U.K. References

Double crystal x-ray rocking curve analysis is a W.J. Bartels and W. Nijman, J. Crystal Growth 44,
powerful and non-destructive technique for the 518 (1978).
characterisation of heteroepitaxial layer R.A. Cowley, Acta Crystallog. A37, 825 (1987).
structures.' However, in the conventional, T.W. Ryan, P.D. Hatton, S. Rates, M. Watt,
symmetrical scattering geometry, the penetration C. Sotomayer-Torres, P.A. Claxton and J.S. Roberts,
depth of the x-ray beam is of the order of 10 Semlcond. Scl. Technol. 2, 241 (1987).
microns, and so the technique lacks sensitivity for C.A. Lucas, P.D. Hatton, S. Rates, T.W. Ryan, S.
nanometer-scale single layers. This problem may be Miles and B.K. Tanner, J. Appl. Phys. 63 (6), 1936
overcome by adopting a highly asymmetric, grazing ,(1988).
incidence scattering geometry, to limit the R.A. Cowley and T.W. Ryan, J. Phys. D, 20, 61
penetration depth, and by using a diffracted-beam (1987).
analyser crystal, allowing weak scattering features
to be resolved from the background noise. The extra Table 1
resolution provided by the triple-crystal
spectrometer enables a detailed mapping of the Capping Layer: Thickness - 268 ,
scattered x-ray intensity in sample reciprocal space, RMS. Roughness - 19 1,
and thus yields information on lattice mismatch both Aa/a . 0.8 10'
perpendicular and parallel to the sample surface Quantum Well: Thickness - 93 ,
normal'. Termination of the lattice, in RMS Roughness - 27 1,
heteroepitaxial layer structares, gives rise to a rod Aa/a - 18.6 10-'.
of scattering in reciprocal space around bulk Buffer Layer: RMS Roughness - 34 1, a - 6.085 .
reciprocal lattice points. This 'crystal truncation
rod' lies in a direction perpendicular to the
truncated lattice and contains Information on lattice
mismatch, layer thickress and interface roughness'.
In a recent paper we have used this technique to
characterise a buried layer only 200 A thick . A
complementary technique, applicable to crystalline
and amorphous materials, is to measure the specular
x-ray reflectivity as a function of Incident angle. *(o o i)
This probes the variation in the electron density of
the sample material with depth and has been used to 

0

study layers as thin as 15 1, using a conventional 300.
laboratory x-ray source. U, o

In this paper we present measurements on a I GaSb
strained single layer quantum well grown by MOCVD at
Oxford University. The experiments were carried out
asing the triple-crystal x-ray spectrometer at
Edinburgh University, with a rotating anode ,
generator, operating at 3 kV. Figure 1 shows a Ct)
schematic representation of the sample, together with Z
the integrated intensity distribution along the LUj
(0 0 1) direction around the GaSb (2 2 4) Bragg
reflection. The incident angle for this reflection Z :.
is approximately 3* and the horizontal axis is given = 10
in reciprocal lattice units a*, where a- is the U
reciprocal lattice constant of the GaAs substrate, 0
perpendicular to the layer. Three main features are
apparent:-

0
(1) The Rragg peak is broadened due to the presence 10
of the lattire matched Galb capping layer.

(2) The weak secondary peak arises from the InGaSb
quantum well, its position giving a lattice parameter
mismatch between the quantum well and buffer layer

3.60 3.70 3.80
a -- 18.6 . 10-', where a - 6.08, [H 1.85 1.85]
a

(3) oscillations superimposed on the pattern are the
effects of Interference between the scattering from Figure I. The intensity distribution along (0O0i
tee capping layer amd quantum well, the face normal direction through the GaSh (7721

Bragg peak.
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3.60 3.70 3.80
[H 1.85 1.85]

Figure 2. A least squares fit to the data in
f igure1
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LATTICF MISMATCH OF SIMPLE AND COMPLEX 1. Fewster, P.F. (1987) Thin Film Growth
LAYER STRUCTURES BY X-RAYDIFFRACTION Techniques for Low Dimensional Structures.

NATO ASI Series B: Physics 163, Ed. Farrow,
Paul F. Fewster Parkin, Dobson, Neave and Arrott, pp.417-440,

New York: Plenum Press.
Philips Research Laboratories

Cross Oak Lane, Redhill, Surrey, U.K. 2. Fewster, P.F. and Curling, C.J. (1987)
J. Appl. Phys. 62, 4154-4158.

This paper will concentrate on the 3. Fewster, P.F. to be published.
heteroepitaxial layers closely matched to

their substrate. The very high strain 7' 250
sensitivity of X-ray diffraction methods is .-.
ideal for determining layer mismatch although _ 200 2
caution is required in the interpretation.
The diffraction from single layers less than .150
0.5 microns thick cannot be simply '100
interpreted for determining the mismatchl,

2

and for multilayers whole pattern simulation 50 Ic..
is necessary. The errors in deriving the ,' 0
mismatch from the separation in the 0
diffraction peaks and using Bragg's Law can -400 -300 -200 -100 0 100
be very large (>10%) if other diffraction ( .

effects are ignored, fig. 1. Computer 0 (/ec.
simulation of the profiles using dynamical Fig. 1: The asymmetric 115 reflection from a
theory will predict the correct answer with 0.38 micron AIO.34Gao.66As layer on GaAs
the additional benefit of estimating the (001). The layer included 5 narrow quantum
layer thicknesses to high accuracy. To wells but in this experiment the diffraction
determine the correct layer mismatch of is indistinguishable from a single layer.
complex structures it is necessary to Experimental profile (line), simulated using
simulate the diffraction profile of a model the mismatch derived from the peak
of the structure to fit the experimental separation (dot) and that with a mismatch 15%
profile. This iterative process is greater than this value (dash).
time-consuming and can be assisted by
including additional information learnt from
experience, this has enabled computer fitting -00
and refinement methods to give excellent fits
between theory and experiment, fig. 2, even L)O o
for structures with more than a thousand 3
layers. Simpler structures with single buried >
layers of thicknesses close to 100 can also '5i
be studied in this way, experimentally the 0 0results are obtained by grazing incidence *'-

diffraction to enhance the diffraction j , -
effects. -250 -200 1 - 10 -50 0 5

In the case of bent samples the important (/1.5552 arcsec)
information in the rocking curve can be Fig. 2: The 004 experimental (line) and
swamped. This i3 especially apparent at calculated (dot) diffraction profile with
grazing incidence. The problem can be CuKa radiation for the symmetric reflection
overcome by using a high resolution multiple- from a sample consisting of 60 periods of 28X
reflection diffractometer3 composed of a GaAs + 75R AlAs capped with O.lum GaAs all on
four-crystal reflection monochromator and an a GaAs substrate.
analyser crystal after the sample. Such an 2000
arrangement allows any reflection to be
studied with little dispersion and a well - __

defined acceptance angle for the detector.
This has proved very powerful in the w - 20
scan mode and also in the mapping geometry O o0oo
for separating strain and orientation effects
in diffraction. An example of a severely I/"
bent structure composed of 1517 layers of '
AlAs and GaAs gave a broad rocking curve a) Q)
without the analyser, (dotted line), fig. ,
whereas with the multiple-reflection 0 0
diffractometer the pattern was transformed -20 -80 -40 0
(line) and the individual thicknesses an;
mismatches could be determined by simulation ) (/1.52 secs.)
(dash line). Fig. 3: The 004 diffraction profile with the

5 crystal reflection geometry (dot), 6
crystal reflection geometry (line) and
simulated profile (dash) for an all-binary
AlAs/GaAs superlattice laser structure with
1517 layers.
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Kinetics and Energetics Issues in Somicouductor

Heteroemitav U hsig MoLec[01ltar Beam Epitany COEPTUALCTURFOFMBEGROWTHOF GaAs

dasprit Singh Random 1mpegement of Ga atoms AS2 moleues

Department of Electrical Engineering
avi Ccnyvtert Science

The University of Michigan, Ann Arbor. Michigan 48109
SHEWtnPTION PHYSlBOAPTON

The ability to produce atomically abrupt chem
-

c l SURFACEAMIGRAT RFACEMIGRATION

modulation in semiconductor structures uing mole- 
/

cular beam epitaxy (MBE) and metal organic chemical EVAPORAT N

vapor deposition (MOCD) has led to the conception CHEMISOAPTION AT

and realizatiom of numerous ideas based on sub-three EVAPORATION INCORPRTION APPROPRIATE SITES

dimensional physics. The success of many new devices

such as Modulation Doped Field Effect Transistors,

exviton based quantum well modulators and single nUFACE RAION

quantum well iasers aepred 11.1,a1ly on asiiiving /

perfect interfaces. Recently new high performance EVAPORATION

devices based on coherently strained heterostructures INoCeOr

as well as integrated technolngies using non-lattice

matched (GaAs/Si;CdTe/GaAs etc.) substrates are

attracting considerable Interest.

The successful implementation of all these Experimental informatio. on cation kinetics which

heterostructure based concepts depends intimately on could be obtained from reflection high energy

being able to obtain high quality bulk and interfaces electron difIfraction[I
b 

could provide valuable

between widely differing semiconductors -- often in insight into growth of widely differing semicon-

presence of strong strain fields. The growth mecha- doctors.
nisms leading to these heterostructures -- vitro very In non-lattice matched growth, in addition to the

far from equilibrium -- need to be understood on an many complexities involved in lattice matched growth,

atomistic scale. The growth mechanisms are extremely one has to contend with the strain field as well.

complex to understand Iere the growth process We will show that while in unstraned epitaxs, hper-

involves -- it details of surface atomic bonds and abrupt interfaces can be produced essentially by

their bond energies; ill diffusion and evaporation manipulating the surface kinetics during growth, in

rates; iii) incorportion mechanisms for impinging strained epitax, energetic considerations ma%

atoms and molecules; and iv) presence of long range forbid atomically smooth interfaces. Ihe reao0 for

strain fields for non-lattice matched epitaxy. In this unusual behavior is that while in unstrained

addition, most hetero-epitaxy growth conditions environment, the internal energy considerations

involve far from equilibrium growth modes, favor an atomically smooth surface, in presence of

In this paper we will attempt to provide a glimpse strain a rough front is found to be energeticalIy

of some generic nature of hetero-epitaxy in the strain more favorable. This implies that under conventional

free and strained environment. The foousw ill he on MBE growth, psendomorphic interfaces cannot he of as

identifying the key kinetic and energetic issues that high quality as lattice matched interfaces. Novel

control the growth front (and Interface) profile, growth approaches need to be Investigated to over-
Due to the complexity of hetero-epitaxy, most of come this important barrier to thy realioation of

the theoretical work carried out to understand the the full potential of psendomorphtc devices.

growth mechanisms has been based on computer simula-

tion[I_
3

. Monte Carlo simulations have provided REFERENCES:

considerable insight into the nature of MBE growth.

A conceptual growth scheme shown in the figure has I. J. Singh and K. K. afaj, I. ta. Sc i. rechnol.

emerged from many experimental studies 14,Si de us B2 (2), 276 (1984); Superlatti es and
of which boor emerged from computer simulations 

- 
1. Microstrurtures 2, l85 119801.

This scheme Is experted to be valid for CGaAs and other 2. S. V. i;balsas and A. Madhuhar, Phs. Rec. Lett.
III-V semiconductor growth. 56. O6 (19861.

Using results obtained from Monte Carlo simulo- 3. S. Clarke and D. W. Vvedenskv, Appl. Phys. Iott.

tions, it will he established that for a given 5I, 340 (1987).

semiconductor and a fixed growth rate, a window in 4. 3. R. Arthur, Surf. Sid. 41, 1194 i11 721.

growth temperature exists in which the growth front is 5. C. U'. oxon and i. A. .ovce, Surl. Sci. t,,
atomically flat. Below this window the growth front 291 (1977).

Is IncrealIngly rougher, and above It the material 6. J. B. nev, P. J. Dohson. B. A. d o d

quality deteriorates. The position of this tempera- I. Zheng, Appl. Phls. ,etl. 47, 100 582.

ture window is directly related to the growth rate

and the cation anion (e.g. l;a-As) bond strengths. AIKNOWI.EDCEMENI:
For high quality lattice matched hetero-interfaces, it
Is essentlal that the windows for the two semivon- This work was supported by the Nt ion.l S, Ioc

doctors tine LIp. Tins may often involve comel growth Fosndation (Material Rsearch Grasp Urogram.

approaches such as i) non-uniform growth rate;
ii) substrate temperature transients; Ill) growth

interrupt ion etc. Crucial parameters controlling the

growth front are cation migration lengths and
impinging fuxes. White the latter can be controlled,

ver little information exists on the former.
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titee rt ior, f several cyIr oet t ror, dei e c
f i t ru~ ont o a co 'rOn ibstrate inat-nial is an. area

w ti (f-urentL inrtercst to mny research groato .
r an t oo' a C ec V his ob, ective, ecpenisei.ta

a', e ndrd, w ay to'ldl 'ecm 'mire ap .propriate epitavial
wrowt h techniques for a saniety of 1 1-01 arid 11 1-V
smi Inductor ' mpboands , Inr several cases the
h'-te"'- I u'ctv ure f itreal i rivol ve 11-01/111-V
'uter's' as having various degrees of lattire Cons tan t

misrj Theemrfracis of this paper is a descript ion
of- -'i"'"'-s i'vocin~g t he TolI-c lan 9 team

eL1t i' 1vi ( MBF grow tn and :naracterivation of' two
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:I z Int.Fr tots neterostrictares, a comtparison is
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It- area' y af""t ed ny siitstrate preparation. Onre
o'ce/(u-Az he tersisnterfac e, hav inrg a 0.25% la tticre
co'u, t a"t mismatch, has po ten tialI for ase is nt he
'aussovat~ of GaAs 'devic's. M'etal /ZnSe/n-fiahs field
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tnranop-,n at tnhe1 'II '111-V Veteroir,crfacoe. ItI.
nec"- otrac tunes a pseadosorphic ZnSe layer, is formed

as a means to- "in i'iz' decfci Ls at the interface in trhn
P!'esen

t
s1 ' the seal' siAt f in it lc.Iattfi ce mIsea tch.

I -V MeauLre'rls of I-ads Fijeld eff'ect tranlsistori
iiate that Ihe Fermi 'level is niot pinned at tsr

?r"-I/Gado Intler'-a' C

Thne fdTe/tnan selicro interface possesses an even
cur? land oe match, 0.'%conparable to the
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EFFECTS OF LATTICE MISMATCH ON THE PHOTOLUMINESCENCE spectroscopy. We find substantially reduced

PROPERTIES OF HETEROEPITAXIAL ZnSe ON GaAs, linewidths in this ease also, for example 0.62 meV for

InGaAs, AND AlAs the neutral donor-bound heavy hole exiton peak. The

effect of varying the buffer composition has also been
R.J. Skromme, M.C. Tamargo, J.L. de Miguei , determined.

R.E. Nahory, and W.A. Bonner
We have also investigated the growth of ZnSe

Bell Communications Research layers on exactly matched and slightly mismatched bulk
331 Newman Springs Road InxGa 1 xAs substrates. These substrates, ,ominally i"

Red Bank, NJ 07701 in diameter and containing up to 5 mole % In, were
prepared using a low pressure liquid encapsulated

Czochralski technique, in both (100) and (11)
Heteroepitaxy of ZnSe on III-V substrates is of orientations. The composition and compositional

considerable technological interest, both because of variations in the material were determined using low
the potential for fabricating blue light-emitting temperature photoluminescence. For example, a melt
devices if p-type doping of the ZnSe can be achieved, containing 17 mole % InAs yielded crystals with
and for the possibility of using the ZnSe as an composition ranging from x=.021 to .045. Growth of
epitaxial insulator on GaAs and related materials in ZnSe layers on (100) wafers cut from these boules was
MIS structures, lasers, and waveguides. This system performed by MEE. The properties of the ZnSe layers
is also of fundamental interest as a prototype of as a function of In content in the substrate will be

small lattiee-mismatched systems ( a/a = 0.27% for described.
ZnSe/GaAs), with the additional complication that
interdiffusion of the two materials may result in These results demonstrate that even a small (0.27
undesired doping of both layers. It is therefore of %) lattice mismatch can have important effects on the
great importance to determine how the interface quality of the resulting material, and that "step-
quality in this system, and the quality of the grading" the lattice sarameter in pseudmorphic
heteroepitaxial ZnSe can be optimized. In the present structures offers a technique for greatly improving
study, we have attempted to systematically crystalline quality of the epilayers and eliminating
haracterize the quality of the ZnSe using low interfacial defects.
temperature photoluminescence, for ZnSe layers grown
on GaAs substrates and epilayers, AlAs buffer layers, Present address: Centre Naciona I de

InxGaixAs buffer layers, and bulk lnxGa1 -As Microelectronics, Serrano 144, Madrid, Spain.
substrates. Both the ZnSe and the various buffer
layers were grown in a dual-ohamber molecular beam
epitaxy (MBE) system, with the samples transferred in
ultra-high vacuum between the two chambers.

Linewidths of bound exoton photoluminescence
peaks are determined almost entirely, In
heteroepitaxial ZnSe, by inhomogeneous strain
associated with partial or non-uniform lattice
relaxation of the small lattice mismatch by
dislocations or other defects. In high purity strain-
free bulk or homoepitaxial ZnSe grown by high
temperature growth techniques, linewidths as narrow as
-0.15 meV have been achieved. For MBE or DMCVD ZnSe
grown directly on GaAs, however, these linewidths have
typically been in excess of 1 meV for fully relaxed
(thick) layers, and, surprisingly, even broader for
nominally pseudomorphic (<0.17 um) layers. While X-
ray, luminescence, and reflectance measurements all
show such layers to exhibit the approximate average
biaxial compression expected of a pseudomorphic
structure, the luminescence linewidths Indicate that
partial relaxation of the mismatch is occurring even
in these very thin layers.

We have investigated these linewidths for
different types of layered structures and found
substantial improvements for cases where an
intermediate buffer layer is inserted between the ZnSe
and GaAs, having a lattice constant intermediate
between the two. For example, pseudomorphic AlAs
buffers ( a/a 0 0.17% at 300 K for AlAs/GaAs) of -0.5
um thickness were inserted between a GaAs substrate
and a 0.17 um thick ZnSe layer, which yielded
linewidths of 0.22-0.37 meV, as compared to a 1.95 meV
linewidth for a similar ZnSe layer grown directly on
GaAs. These linewidths for the first time approach
those obtained in bulk material, indicating a

substantial reduction in the density of Interfacial
defects and strain. We have further investigated
pseudomorphic structures incorporating InxGa1_xAs
buffers (x-0.04) in place of the AlAs. In this case,
the lattice constant of the buffer can be continously
varied about that of ZnSe by controlling the In
content. The composition of the buffer was measured
using luminescence, reflectance, and excitation
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As on the (100) and (hIl) surfaces. These differences haveSynthesis of GaAs and (AI,Ga)As on implications for the growth of uniformly high quality device
(511)-GaAs Surfaces by Molecular structurcs on patterned substrates which include high-index

Beam Epitaxy surfaces. During the growth of (Al,C;a)As on (100) and (511)
substrates mounted side by side, 'or example, we observe Ihat

E. Towe and C. G. Fonstad for a given substrate terperature, the (100) layers require a

higher As 4 overpressure to maintain a specular and featureless
Department of Electrical Engineering and Computer Science, morphology than the (511) ones.

Research Laboratory of Electronics Ifigh quality GaAs and (Al,(;a)As layers have been grovrn
and on (511) surfaces in the normal sinistrate tetmperature raiige

Center for Materials Science and Engineering of 600-710' C. The uidoped layers are p-type. Ihotolumiis-
Massachusetts Institute of Technology cence characterization of these wafers has also been carried

Cambridge, Massachusetts 02139 out. It is found that for (51i)- and (100)-GaAs wafers grown

side by side, the optical quality of the (511) layers is equal

The scientific and technological importance of fII-V het- to or better than that of the (100) layers in all cases. The

erostructure semiconductors with surfaces of high Miller in- typical room temperature photoluminesc re linewidth for tlh

dices has increased over the past few years [1,2; . Fundamen- unintentionally doped (511) wafers is -20 meV.

tally, high-index surfaces will exhibit growth kinetics that de-

pend on (i) the stoichiometry of the surface, (ii) the density of
cacti atomic specie present, and (iii) the tendency of the par-
ticular surface to maintain planarity. These and other charac- References
teristics are currently not well understood.

The (511) GaAs surface is one of a class of surfaces denoted [1] D. L. Smith aid C. Mailhiot, Phys. Itev. tetr., 58, 12ti1
by {hit}. For h larger than I the surfaces can be thought of (1987.
as being composed of {100) and {111) surfaces. This class 121 G. H. Olsen, T. J. Zarnerowski and N. J. t)iGiuseppe, .1
of surfaces is vicinral to the (100) plane. In fact, during the Appl. Phys., 54, 3598 (1983).
inle-growth of GaAs on patterned (100) substrates, some of
tire surfaces in the {hitl class are revealed 13), and there is 131 J. S. Smith, 1'. L. )erry, S. Margalit and A. Yariv, Apim,
evidence that the growth rate and conductivity type of device Phys. Lett., 47, 712 (1985).
structures grown on patterned surfaces vary depending on the 141 T. Nishibe, M. Funamizu, I. Okuda, It. Furu)ara. Y
vicinal surface exposed 14j. This can be understood in terms Itirayama, M. Nakamura and XM. Iwamoto, Electron. t t
of the relative availability of the lattice sites for the Ga and 23, 35 (1987).
As atoms which, in turn, depends on the particular vicinal
surface under study. Because of the importance of the (hil) [5) i. Elcess, J. I. Lievin and C. G. Foristad, To ie prilis he-,
surfaces in the growth of patterned structures on (100)-GaAs in Journ. Vac. Sci. Tech., (1988).
substrates, a better understanding of the epitaxial characteris-
tics of these surfaces will be required. This paper discusses the
growth of GaAs and (AI,Ga)As by molecular beam epitaxy on
one such surface; the (511) surface.

The (511) surface intersects the (100) plane at an angle 0 =
cos-1([I00l.)51i/v127) = 15.8°; it is therefore to be expected
that the relative density of Ga and As dosil-

l
- and single-bond

sites will differ from that on the (100) surface. The larger Lhe
angle 0 is, the more different fron the (100) surface will the
vicinal surface be.

The substrates used in our study were (51B11. They were
intentionally misoriented by 0.5' toward the (t00) surface. Be-
fore loading into the growth system, the substrates were de-
greased in standard solvents and then etched in
112SO 4:11i0i:It20 (4:1:1) at room temperature for 4 minutes.
They were then soaked in IICI for 2 minutes and a protective
native oxide was grown in de-ionized water. Once loaded into
the preparation chamber, the wafers were outgased for 20 min-
ites at 200°C. This temperature is lower than that convention-

ally used to outgas (100) substrates, because it is found that the
substrate surface degrades if outgased at much higher tempera-
tures in the absence of As,. The oxide desorption temperature
for the (511) surfaces is also different, being 30 to 40°C lower

than the 580 to 590"C typically observed for a (100) surface.
We have previously observed sinmilar behavior for the (III)B
GaAs surface [51, and believe it to be because of the differences
in the density of double- and single-dangling bonds of Ga and

75i



Abstract No. 514 An excess As adsorption occurs when 
t
JAs 1S

Low-Temperature Growth of AtGaAs-GaAs greater than the critical value. Existence of

Heterostructures by Migration-Enganced Epitaxy excess As can be detected by the REIED

observation. When there is an excess As on the
Yoshiji Horikoshi, Minoru Kawashima, surface, the specular beam intensity in the

and Hiroshi Yamaguchi succeeding Ga deposition period increases as

demonstrated in Fig.3. No well-established Ga-

NTT Electrical Communications Laboratories stable pattern is observed, even at the end of

Musashino-shi, Tokyo 180. Jara n the Ga deposition period. An excess As

adsorption is also enhanced by surface
roughness. When NGa<NS. two-dimentional

The MBE and MOCVD methods have two problems nucleation occurs, and the surface island

in growing GaAs and AIGaAs thin layers. First is density changes cycle by cycle, as shown in Fig.

that the heterojunctions grown by these methods 2. At the valley of the modulated wave, the
have rough interfaces on the atomic scale due to island density is exDected to be highest, while,

a large number of islands formed during at the peak of the modulated wave, an atomically
growth. Second is that the substrate flat surface can be obtained. The RHEED specular

temperature (Ts) is too high to realize sharp beam oscillation during the growth of GaA at

impurity profiles. 300 'C with NG =0,97Ns and A  
al 14cm is

These problems are caused by a very slow shown in Fig. 8. The value iA in this case,

migration of surface adatoms during growth. Io only slightly exceeds the optimum value wh'ch'

both MBE and MOCVD, growth is performed in As- will be discussed later. Because of the

stable conditions. Therefore, the lifetime of incommensurate supply of Ga, a modulated wave
isolated Ga and Al atoms on the surface is quite appears every 35 cycles. However, in this case.

short, which effectively reduces the surface unlike the high Ts result of Fig.2, t w

migration. This is because Ga and Al atoms modulated waves compete. One wave includes h

impinged on the surface immediately react with peaks after the As deposition period flabe'e

As to form GaAs and AlAs islands. A). and the other includes those alter the Ga

To enhance the migration, a new MBF method deposition period (labeled B). The forrer ",

was developed called "Miqration-Enhauced caused by the surface roughness, wh'le t re

Epitaxy" (MEE), which utilizes the rapid latter is infliuenced by the amovunt of excess 5; .

migration of metallic atoms in an As-free Figure 4 shows that the excess As adsorycior is

atmosphere. In this method, Ga and Al atoms strongly enhanced by the surface roughness.
migrate easily and find stable sites on the Therelore, an optmization or the 'iA) . ll,

growing surface, even at low Ts, because these and an exact adjustment of 'i r to N.S a e
metallic atoms are deposited separately by As. necessary in order to avo1" evcvss

This paper discusses the growth mechanism o f adsorption. Under optimum conditions, the cEl
MEE at low Ts based on the RHEED observation, intensity behaves as if it were At h , Ts,

Letremely sharp and intense potoluminescince During Ga supply periods., P H E D ntens t

(PL) from AIGaAs-GaAs single-quantum wells grown decreases but returns to its zr''ra va u xv

at 3000C by this method are also demonstrated, the succeeding As dey ,sit ... rr ,1ois
A conventional MBE apparatus equipped with a Persistevt RHEED oscillation 's oserfe! : ur: ,%

RlitD system was used for this study. During the entire layer growth. and well defined la

MEE growth, Ga or Al and As
4  

were alternately stable and As-stable surfaces Are estibl hed it

deposited to a (10) GaAs surface. The the end of their deposition per ods; Zsee 'e

migration process of surface adatoms as well as lower trice of Fig. 5).

the growth process were monitor by RHEED 
t
urther reduction of NA, dvtvriorates i'.o

observations. As reported previousy , when the ,alilpof the grown layer prhbablu Uease

number of Ga or Al atoms deposited per cycle an As shortage, and the persistent R-(NGa, lor)N
A 

) equals the surface te yumber i n
the 00 NaAs surface (Ns; 64xl0 cm)xt iuesi oscillation is no longer obtained, as shown

t cm), these the upper trace of fiq. 5. The optimum val~v of

atoms form a "one atomic layer" every cycle, and N
A
- s 3.34O3.4.'' /cm-

.  
Th- value is

the RHEED intensity oscillates persistently eqt A l to 112 is. Therefore. the crarl c an

without showing any degradation in amplitude en rporat /g mechanism of As h propoad by ,xn
during the entire layer growth, as shown in Fig. and Jnyc o Seems to he operative ,ve l ivn

1. This indicates that a flat growing surface is 
T
s.

maintained during growth. When N
G 

is not equal A1GaAs-GaAs quantui wells Qroan ', to
to Ns, small one-monolayer GaAs islands are optimum conditions at 3000C exhibit h qher P

formed after the completion of one cycle. The efficiencies than thos' grown by ci vontioal
surface roughness due to these islands is Mill at 60

0
C. Typical CL spectra are shra- r

compensated for in the succeeding MEt cycles. Fig. 6. In addition, the AlAs-GaAs superlattices
because Ga atoms impinged on the island-en-rhv9 vw, , w , are unaffected by t heral

surface find their sites between the islands. annealing at temperatures as high as ri' 'C.

Th'- phenomenon is clearly confirmed by tho tegliible change is ohservelin PL eictioie .

observation of modulated RHEED oscillation shown linp winth, and emisin energy after annenlin .
in Fig. 2 for PC a0.

8  
Ns.

A persistent RHEED osci I lation is also References

observed at low Ts to 1D
0

C, i ndicating a

possibility of high-quality layer growth at low l)Y.lorikoshi, M.Kawahma, anI H.Yamagu'h' ,

Is. The growth mechanism is, however, modified -pr. J App . Phys. ?7(tI9ll)Iq.

when Ts is lowered below approximately 400
0
C. ?)C.T. ocr. and P.A.Joyce. Surface sci. h4

At high Ts. the number of As 4  
r 'lecules (1917)293.

deposited per cycle (NAs) is not very critical,
because no excess As adsorption occurs. At low

Ts, however, excess As adsorption becomes very
important and markedly deteriorates the

crystal quality. Therefore, an accurate control

Of P iAS s neede' for growing high-quality layers
at lo Ts.
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Abstract .N. 515

Electrochemical Flue-Gas Desulfurization The current densities achieved in the

flow-cell have been limited to 2.0
Mark Franke, Dennis McHenry and Jack Winnick mA/sq.cm. The reason appears to be flooding

Georgia Institute of Technology of the electrodes caused by insufficient

Atlanta, Georgia 30332 retention of the electrolyte by the membrane.

A gas-phase concentration flow cell has

been designed to remove sulfur oxides from

flue gas. The essential reactions occurring

are; U Cathode (ioo oclm n)
/2 2 3  A node (4 0 cc /m in)

50 2 + /202 -£03

so 1/2 02 +2e s50 4121

s4 + S0 3 + 1/202 + 2e (3)

where reaction (1) is a pre-oxidation and

reactions (2) and (3) provide the means for

sulfur oxide removal and recovery Lines reoireseil deal concent""ionso of sox corresponding to the r-.o-s

respectively. As in any electrochemical ot s ocdnoe rm
cell, appropriate electrolyte and electrode 0i

materials must be utilized. At the

temperature required for flue-gas treatment,

a molten salt electrolyte is needed. While

alkali-metal sulfates are ideal for reactions Do 0 i0 5o n200 50 300 M0 400

(2) and ( 3) , they melt only above 5000C. A CELL CURRENT (A)

lower-neltin- Salt allowing this same basic CATHODIC AND ANODIC CELL PERFORMANCE AT 400eC AND
electrochemistry was found: potassium 0.3% So

2
, 3.0% 02. 16.0% CO

2 
IN NI TO BOTH COMPARTMENTS

pyosulfate. With the addition of vanadia

for sulfur-oxidation enhancement, this melt

was found, throuqh a senarate

electroanalytical study, to provide the

necessary chemistry and electrochemistry to

carry out the removal at flues in excess of

50 mA/sq.cm., a design goal.

fI ectrolyte-containing membranes were

constructed by hot-pressing the electrolyte

piwoler with inert ceramic, porous gas-

jijffusio)n eteztr' es were constructed of a

perovskite-type "_ramic: La 0 . 8 tr0. 2 Co0 3 .

These were made irom the metal acetates in a

-ulti-step decomposition, gr i ding and

51ntering.

Cel Is housing a 20 sq.cm. membrane were

iested on a gas c"ntainig 0.3' So 2 in 3.0%

'12 ' 15% CO 2  in N2 . Pre-oxidatie n was

achieve I thr ugh use of a commercial,

vanalia-based catalyst. Quantiiative removal

)f the SO 2 was achieved with anirlied current,

a shown on the figure. Concomitant

c- -1 i-rn of concentrated 301 (and 0) was

obser ve)l.



Abstract No. 516

ELECTROCHEMICAL BEHAVIOUR OF GRAPHITE AND
NICKEL-CHROMIUM ELECTRODES IN SODIUM POLYSULFIDE
IN THE ABSENCE AND PRESENCE OF HYDROGEN SULFIDE

Z. Mao, B. Dandapani, S. Srinivasan, R.E. White and A.J. Appleby

Center for Electrochemical Systems and Hydrogen Research
Texas A&M University

College Station, Texas, 77843

The electrochemical reactions of sodium tetrasulfide on
graphite and nickel-chromium(10%) electrodes at 350 *C in the rest potential of graphite as well as Ni-Cr tends to be more
nitrogen and hydrogen sulfide atmospheres were investigated anodic than in nitrogen. Higher currents for the same potential
using cyclic voltammetry and chronoamperometric techniques, values are observed with H2S bubbling compared to nitrogen
Fig.1 represents a typical voltanmogram on a graphite elec- bubbling. This difference for nitrogen case disappears after
trode in a nitrogen atmosphere without IR compensation. It prolonged H2S bubbling in the melt when more or less the
is seen from Fig.1 that there is a significant contribution due same high currents are observed for both the cases.
to the re'istance of the melt. When the IR is compensated
the cathodic peak is clearly seei at a potential of -0.285V vs
Na2S./C (x > 5). This peak current appears to have clear de-
pendence on the scan rate since a plot of peak current versus 1. R. P. Tischer and F. A. Ludwig, in "Advances in Elec-
the square root of the scan rate is linear indicating that diffu- trochemistry and Electrochemical Engineering", vol. 10,
sion processes play a significant part in the reaction (1). The C. W. Tobias and H. Gerisher, Editors, Wiley Interscience,
peak observed on the graphite electrode is probably due to the NY(1977).
formation of lower polysulfide which is normally a solid at this 2. D. A. Aikens, in "The Sulfur Electrode", R. P. Tischer,
operating temperature (2). However, a similar voltammogram Editor, Academic Press, NY(1983).
(Fig.2) on a Ni-Cr electrode does not indicate the presence of
a blocking layer. A plateau on the potential decay curve in the
current interruptor experiments was observed at the graphite
electrode, whereas it was not observed at the Ni-Cr electrode.

Chronoamperometric studies condkrte4I in a nitrogen at-
mosphere show that the current decay to a steady state was
slower on a graphite electrode than on a Ni-Cr electrode sug-
gesting the presence of a blocking layer on the graphite sur-
face. The transient time was shortened when H2S was bubbled
through the melt (Fig.3).

Steady state current-potential, curves for Ni-Cr electrodes
under N2 as well as H2S atmospheres are shown in Fig.4. The
current values are much larger in a H2S environment for the
same potential values. The effect is far more significant on a r.,, ..
Ni-Cr electrode than on a graphite electrode. After prolonged FI,. cyli o. . , It 9 - t , b.bbt,,
bubbling of 11S through the melt there is practically no hto tho. -th. ,.olod ... n 0i... .. W ..
difference between the i-E curves in N2 and H2S atmospheres.
The current values in a nitrogen atmosphere at this stage
reaches more or less the same values as that of hydrogen sulfide.
The i-E curves obtained are linear suggesting a high resistance
component in the melt. Higher current values in the presence
of H2S may be due to the formation of an intermediate species o"

between HsS and the product of the cathodic reaction.
It is also noted that with the bubbling of H2S in the

melt the open circuit potential of Ni-Cr electrode shifts by
15-20mV in the anodic direction with I0%H2S and 30-4OmV E/
with 50%H 2 S. This suggests that there may be chemical de- o
composition of H2S at the Ni-Cr electrode surface(which may
act as a catalyst). The sulfur formed by this decomposition
dissolves in the melt in the vicinity of the electrode forming
Na2Ss near the electrode surface.

Thus it is seen from these preliminary results that under ... °
a nitrogen atmosphere a two phase blocking layer is formed on
a graphite electrode surface. Such a two phase layer was not ' . s
observed on a Ni-Cr surface indicating that Ni-Cr may behave ,,,.',,',,,* ... , ... ,.,., -
as a better sulfur electrode. Further, in a H2S atmosphere
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Abstract No. 517

THERMODYNAMIC ASPECTS OF H2S process. As would be made obvious, not only
ELECTROLYSIS IN AQUEOUS NaOH is such an approach capable of providing

AND MOLTEN POLYSULFIDES useful information regarding the stable
species in solution, it is very viable in
identifying, a priori, the potentials within
which the process can be carried out such

A. A. Anani, Z. Mao, B. Dandapani, that all components of the system remain both
S. Srinivasan and A. J. Appleby chemically and thermodynamically compatible

with one another.

Center for Electrochemical Systems In the case of the alkali-metal
and Hydrogen Research polysulfide electrolyte, the approach will

238 Wisenbaker Engineering Research Center involve the construction of the ternary phase

Texas A&M University
College Station, TX 77843. diagram involving the alkali-metal, for

example, Na-H-S, whereas in the aqueous-based
electrolyte scheme, the corresponding
information will be represented in a
quarternary phase diagram of the components,Simultaneous production of hydrogen and such as Na-H-O-S.

sulfur by the electrolysis of hydrogen
sulfide would provide a rather cheaper means
of supplying the end products, hydrogen and
sulfur, compared to conventional processes of
obtaining hydrogen by steam electrolysis.
Not only is the reactant, H2S, available at

almost no cost, such a process would also
lead to its removal from natural gas streams,
again, at a much lower cost than the Clauss
process. In addition, the reversible
thermodynamic potential for the process

H2 S -4 H2 + S

is much lower than the corresponding value
for steam electrolysis. This is calculated
to he 173 mV at room tcmpcrature and is tu be
compared to 1.23 V for the equivalent process
involving water. i.e.,

H2 0 -* H2 + 1/2 O2

These values for the reversible potential do
not change much even if the operating
temperature is raised by a few hundred
degrees.

However, such a scheme would require
dealing with the corrosive nature of the H2S
reactant gas, and also reducing the blocking
effects of sulfide films that could be formed
on the electrodes during the electrolysis.

Attempts are under way to investigate
the feasibility of this process in both
alkali-metal polysulfide r..elts and aqueous-
based electrolytes. An attempt such as this
would require knowledge of the stable species
in solution in order to fully understand the
reaction mechanisms, or sequence of reactions
leading to the complete decomposition of the

reactant. This is true because of the
complex nature of the possible reactions
involving the polysulfides, as is evidence
with the sulfur electrode in the Na/S
battery.

In this work, we present a thermodynamic
approach which employs phase diagrams as a
tool to identify possible stable species that
may be present during the electrolytic
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Abstract No. 518

ZnCI
2
-HCI Plating Baths for Stripping and Recovery of Figure 1 summarizes the test results. A dip in the

Zinc from Galvanized Iron Scrap. cathodic current efficiency in the range of 400-500

mA/cm
2 

may be attributed to a diffusion rate limita-
S. Zaromb, A.V. Fraloli, E.J. Daniels, C.V. Queen, tion for zinc electrodeposition near room temperature

and R.M. Bozen* at current densities ?400 mA/cm
2
. The increase in

cathodic current efficiency at 630 mA/cm
2 

may have
Argonne Nat:nal Laboratory, Argonne, IL 60439 been due to convection currents arising from the

greater heat dissipation at the highest current

T) recover zinc and remove zinc contaminants from density that was used.

reprocessable galvanized iron scrap, several acid

plating baths were evaluated. For a fast process Figure 1 also shows a significant improvement in

throughput, all tests were performed at current cathodic current efficiency, as well as a reduction in

densities 90 mA/cm
2 

and at ambient temperature (20- anodic corrosion, resulting from addition of 1 g/L of

25
° 
C). The following problems were initially licorice root extract (Polysciences, Inc., Warrington,

encountered: Penn., Catalog No. 18060) to the acidic plating

bath. These results suggest that acceptable cathodic

* Formation of zinc dendrites at the cathode; current efficiencies should be achievable in the

selected acidic plating bath at plating current

o Absence of a marker that would indicate densities of 100-400 mA/cm
2
.

complete removal of zinc from the anode; and
Figure 2 shows the effects of replacing all or part of

. Excessive electrolyte resistivity, the ZnCl2 by ZnSO 4 
in the preferred plating bath. As

causing an unacceptable voltage drop expected, the electrolyte resistivity increases

between the cathode and anode, appreciably with the S0 4
=/CI ratio due to the lower

mobility of S0
4 - ions as compared with that of C1-

To minimize dendrite formation, stirring of the ions. On the other hand, the corrosion of the

electrolyte and electrochemical precleaning of the electrodes is reduced somewhat by substituting S04
=

electrodes (by passing a 10-sec reverse pulse at the for C1- ions, as suggested by the slopes of the

start of each run) became part of the experimental current efficiency lines. However, the reduced

protocol. Next, the plating bath composition was corrosion losses do not seem to adequately offset the

varied in attempts to obtain a marker thaI would resistive losses that would result from a replacement

indicate the nearly complete removal of zinc from the of C1- by SO4
= 

ions.

exposed anode surface. Raising the pH from about 4.0 It is concluded that electrochemical stripping and

to 5.7 or reducing it, first to pH 1.4 and subse- recovery of zinc my be effected efficiently in acid

quently to pH 0.4, did not yield a clearcut marker, plating baths under the following conditions:

Neither did inclusion of K
3
Fe(CN)

6 
(which was expected

to yield a passivating deposit on an exposed iron The bath resistivity must be suffi-
surface) or the use of various sulfate-containing ciently low to result in a voltage drop

baths. However, sulfate-free zinc chloride baths did of not more than about 4 V (preferably
yield indications of a possible marker even at a pH of 53 V) between the cathode and anode.

3.8, and these indications became more pronounced as This was achieved with an electrode

the HCI concentration was increased, first to I M and spacing of 2.8 cm, current densities of

subsequently to 1.5-4 M. At the higher HCI cencentra- 90-630 mA/cm
2 

(preferably 90-400 nA/

tLions, s marker would be consistently observed at all cm
2
), and a bath containing 2 M ZnCl

2

but the highest (630 mA/cm
2
) current densities, and 3 Nd. Under these conditions, an

Given the endpoint markers, dendrite formation could endpoint marker was consistently

be further prevented and errors in faradaic efficiency observed below 500 mA/cm
2
.

measurements could be minimized by terminating all

tests upon the appearance of the endpoint. Of all the Addition of 1 g/L of licorice root

electrolytes tested, only those containing at least I extract to the above ZnCl 2
-HC bath

M HC yielded endpoint markers, especially at current resulted in reduced corrosion of both

densities below about 500 nA/cm
2
. Therefore, further the cathode and anode. The resulting

tests were directed at optimizing the HCl and ZnCl2  current efficiencies were 70-802 at the

concentrations. For constant ZnCl 2 
concentrations of cathode and 100-130% at the anode

0.7 M or 1.3 M, corrosion increased with increasing (Fig. 1).

acidity of the plating bath. In contrast, for a

constant HCI concentration of 3 M, corrosion decreased The effect of replacing part of the C-

with increasing ZnCI2 concentration. This may have ions by S0 4  
ions was to slightly

been associated with a diffusion limitation for zinc improve the current efficiencies at both

plating at a current density of about 400 mA/cm
2 
as cathode and anode, but also to

the ZnC1
2 
was reduced from 2 M to .. 7 M. On the other significantly increase the resistivity

hand, the electrolyte resistivity, and hence ohmic (Fig. 2), thereby adversely affecting

losses, increased slightly with increasing ZnCl 2  
the voltage drop across the bath.

concentration. Therefore, a bath composition of 2 M
ZnCl

2 
plus 3 M HCI was selected as nearly optimal. To minimize resistive losses in the

plating-stripping bath, the bath should

*Work supported by the U.S. Department of Energy, be so designed that the effective

Assistant Secretary for Conservation and Renewable average anode-to-cathode path length is

Resources, under Contract W-31-109-Eng-38. 3 cm or less.
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Figure 1. Dependence of Minimum Applied Voltage

(0, 0), Cathode Current Efficiency (v,v), and AnodeI Current Efficiency (A, A) on Plating Current Density
In 2 M ZnC 12 + 3 M NCi

4-

0 -160

A -120

0 800

40

0 100 200 300 400 500 600 700
Current density (mA/cm2)

Legend
0 A V Without licorice
* A T With 1 g/L licorice extract

In the plating bath

Figure 2. Effect Of S04=/Cr- Ratio on Electrolyte
Resistivity and Current Efficiencies at 200 mA/cm2

in Bathe of 2 M Zn++ + 3 U H30+ + 1g/L.
Licorice Root Extract

E -140

A thnode_*

40

20 0
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(S04 =)/(CI-)
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EFFECT OF HVDC TRANSMISSION LINES ON THE MESUREMENT LOCATIONS
CHARGE DISTRIBUTION OF AEROSOLS

Measurements of the aerosol charge distribution
Gary N. Johnson Phillip J. Carter were made near HVDC transmission lines in two regions

of the country. Measurements were made at the High

General Electric Company Voltage Transmission Research Center, located in west-

ern Massachusetts. near its two full scale HVDC trans-
High Voltage Transmission Research Center mission test lines [1]. Measurements were also made

East New Lenox Road near the Northwest-Southwest DC Pacific Intertie,

Lenox, Massachusetts 01240 which runs through California. Nevada. and Oregon.
Measuremeuts of the ambient aerosol charge distribu-

tion were made in rural western Massachusetts; Cap Cod

INTRODUCTION National Park, Massachusetts; downtown Newark, New
Jersey; El Capitan Beach State Park, California;

As the use of HVDC transmission lines for bulk downtown Los Angeles. California.

power transfer has grown, attention has focused on the
small air ions produced from HVDC transmission lines.
Due to the constant polarity of HVDC conductors ions MEASUREMENT ESULT
can move away from the conductor and fill the volume
of space between the conductors and ground. The small It was found that in general for the ambient
air ions from the DC line can attach to aerosols al- measurements approximately one-third of the aerosols
tering the ambient charge distribution of aerosols, were positively charged, one-third were negatively

charged and one-third had no charge. A single charge
In order to investigate the effect of NVDC lines was the most common charge state for the charged

on the environment, the Department of Energy initiated aerosols. The number of aerosols per charge state
a research program at the High Voltage Transmission decreased exponentially with increasing charge number.
Research Center to measure the levels electric fields.
ions, and charged aerosols due to HVDC lines and Measurements near the HVDC transmission lines
characterize the resulting electrical environment indicated that the DC line did shift the charge dis-
[1.21. In addition to obtaining information on the tribution. However the shift was small and within a
levels of fields, ions, and charged aerosols, informa- few hundred feet from the line the charge distribution
tion was desired on the distribution of charge on of the aerosols was back to near ambient levels. Even
aerosols. A technique was developed to measure the directly under the line the most common charge state
charge on aerosols and measurements of the aerosol of the charged aerosols was still a single charge.

charge distribution were made near NVDC transmission
lines and at several other locations.

AEROSOL WORKSHOP ON RESPIRATORY DEPOSITION
A workshop was held to report the results of the

measurements of the aerosol charge distributions and A workshop a t t e n d e d by r e s p i r a t o r y
to discuss what impact the altered aerosol charge dis- physiologists, aerosol physicists, atmospheric scien
tribution would have on deposition of the aerosols in tists, and transmission research engineers was held to
the respiratory tract. The work shop was attended by report the results of the aerosol charge distribution
respiratory physiologists, aerosol physicists. atmos- measurements and discuss the impact that DC line would
pheric scientists, and electrical transmission have on charged aerosols and their deposition in the
researchers. respiratory tract. Information on the deposition of

aerosols in the respiratory tract was presented. A

recent study on the deposition of charged aerosols in
MEASUREMENT TECHNIOUE AND INSTRUMENTATION the respiratory tract showed that there was a

threshold of charge on aerosols below which there was
A technique was developed to measure the size of essentially no measurable increase in deposition [3:.

an aerosol and the charge residing on it. The tech- The threshold was at approximately 10 charges per
nique consists of measuring the electrical mobility of aerosol for the size range of interest 0.1 micron to I
a charge aerosol and then measuring its size. The micron. Since the HVDC transmission line produced
electrical mobility of a charged aerosol is propor- changes in the aerosol charge distribution much less
tional to its charge to size ratio. Measuring the than the 10 charges per aerosol threshold the consen-
electrical mobility of a charged aerosol to obtain the sus of the workshop was that there was little
charge to size ratio and then measuring the size of likelihood of any health impact due to effects of NVDC
the aerosol allows both the charge and the size of the lines on charged aerosols.

aerosol to be determined.

The instrumentation used to measure and record REFERENCE

the size and charge of the aerosols consists of a dif-
ferential mobility analyzer, a laser optical scatter-
ing aerosol sizer, and a portable computer to control [l Study of Electric Field and Ion Effects of HVDC
and record the data from the two instruments. The in- Transmission Lines: Final Renor , U.S. Department of
strumentation can measure the charge on aerosols in Energy. DOE Contract DE-AC02-80RA50153. National Tech-
the range of 0.1 to 3.0 microns. It can determine the nical Information Service, Springfield, Virginia.
charge on an aerosol to within ±l charge or ±18% August. 1985.
whichever is less. The size range from 0.1 micron to
3.0 micron was chosen because it is the size range [2] P.J. Carter, G.B. Johnson, "Space Charge
containing many biologically active aerosols and it is Measurements Downwind from a Monopolar 500 V NVDC
also the size range where the respiratory system is Test Line", Paper Number 87 SM 548-I. IEEE Power En-
least efficient in depositing aerosols. Any enhance- gineering Society 1987 Summer Meeting. July, 1987.
meet in deposition due to charge on the aerosols in

that size range Would have a greater percentage in- (3) C.P. Yu, "Theories of Electrostatir loing Derosi-
crease of deposition and thus the possibility for a tion of Inhaled Aerosols", Ann,.Qap.AHy-, Vol. 29,
proportionately greater impact on health. pp. 219-227, 1985.
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ELECTROCHROMISU OF POLYANILINE: In-situ FTIR experiments were now carried out to
A IN-SITU FTIR STUDY monitor the N-H vibratiofs as a function of potential.

The band around 2950 cm
- 

due to N-H stretching
M. Ahsan Habib and Shyam P. Maheswari vibration clearly increased with the increase of

Physical C.emlbry Department reduction potential (Fig. 2). The relatively smaller
General Motors Research Laboratories peaks near 2950 cm

- 1 
are also assigned to N-H

Warren, MI 48090 vibrations and showed the same trend as that of the
2950 cm

- 
peak. These results thus confirm the

formation of the N-H bond during reduction and
INTRODUCTION breakage during oxidation processes and are associatedRecently there has been renewed interest in with the electrochromic phenomenon in polyaniline

polyaniline because of its electrochromic films in HCl solution,
properties (1). Most of the infrared spectral studies
of polyaniline (2,3) has been done ex-situ and do not
suggest the extent of spectral change with the extent [-NH-CH 4-NH-CH 4 -NH-]
of oxidation and reduction. Moreover, although
suggested redox mechanisms involve protonation-
deprotonation of the polyaniline structure during the [-NH-C H4-N*=C 84=N--]reduction-oxidation process, no direct proof of such
structural change is yet available. Cl- Cl-

In this paper we present our work on an in-situ The oxidized charge centers at N* are balanced byFTIR study of polyaniline films in acidic solution in the Cl- counter ions. Although the hand at 2950 cm-
order to obtain spectral evidence of protonation- (Fig. 2) decreased as the film was anodically
deprotonation during reduction-oxidation processes. oxidized, it did not completely disappear at 0.8 V,

indicating that there were still some N-H bonds iptact
at that oxidation potential. The peak at 667 cm-

EXPERIMENTAL also increased with the increase of cathodic potential
The electrochemical ceii used for the infrared (Fig. 3). Although it is possible that this peak is

measurements is similar to that described in 4). The due tO a" N-S hending 'ode (5), it should be notedworking electrode was a highly polished Pt disc of that this peak may also be due to vibrational modes of
I cm diameter and 0.5 mm thickness, attached to a water (5). If it is due to water, its observedcopper rod clad with heat shrinkable Teflon tubing. increase with the increase of reduction potential is
The electrode surface was polished with 0.05 #m somewhat unclear. It may appear that upon oxidation,
alumina. The polished electrode was cleaned with the film becomes more compact, thereby reducing the
conc. HNO and rinsed thoroughly with double distilled water content in the film, giving rise to the observed
water. The Pt electrode was then coated with the effect. However, no evidence of the film becomingpolyaniline film by the potentiodynamic cycling of the compact upon oxidation is available, but it is known
electrode in 1 M aniline 1 M HCl solution (purged by that the conductivity of the polyaniline filmN2 ) between -0.2 V and +0.8 V at 50 mV/sec in a increases with oxidation (6) and also with the
conventional 

3
-electrode electrochemical cell. The increase of water conteni of the film (7). Thus, the

polyaniline coated electrode was then taken out of the spectral peak at 667 cm
- 

which decreases withcell containing aniline solution, washed thoroughly, oxidation, may be assigned to theY=h rational modedried and then positioned in the FTIR cell very close of polyaniline and not to the 0-H mode of water.
to the 7R-transparent ZnSe cell window. The electrode
was polarized potentiostatically in the range of
-0.2 V to 0.8 V (SCE) aj intervals of 200 mV. A total REFERENCES
of 256 scans with 4 cm

-
1 resolution, were collected at 1. A. Kitani, J. YanoTiTSasaki, J. Electroanal.

each potential. Chem., 209, 227 (1986).

Visible spectral measurements were carried out in 2. A. Volkov, G. Tourillon, P-C Lacase, anda spectronic 2000 spectrometer. The electrochemical J-E. Dubois, J. Electroanal. Chem., 115, 279
cell consisted of a quartz cuvette with I cm path (1980).
length. For these measurements, the polyaniline film
was deposited on a fluorine doped SnO2 coated glass 3. T. Ohsaka, Y. Ohnuki, N. Oyama, G. Katagiri, andsubstrat. The working electrode, a platinum counter K. Kamisako, J. Electroanal. Chem., 161, 399
electrode, and a calomel reference electrode with (1984).
extended luggin capillary were placed in the cuvette
which was then filled with electrolyte. The electrode 4. M. A. Habib and J. OIL Bockris, J. Electroanal.
was polarized at various potentials and the in-situ Chem. , 180, 287 (1984).
absorbance measurements were carried out.

5. G. Socrates, Infrared Characteristic Group
Freuencies, John Wiley & Sons, New York, 1980.

RESULTS AND DISCUSSION
In-situ absorbance spectra of the polyaniline film 6. S. H. Glarum and J. H. Marshall, J. Electrochem.

at various potentials are shown in Fig. I in the Soc., 134, 142 (1987).
visible range of 350 nm t 850 nm. Absorbance of the
polyaniline film increase, as the reduced film was 7. M. Angelopoulos, A. Ray, and A. J. MacDiarmid,
gradually oxidized. Synthetic Metals, 21, 21 (1987).

The film was blue at 0.8 V and near transparent
with slightly yellowish tint at -0.2 V. Thus,
switching the potential between -0.2 V and 0.8 V, the
film could be hblehed and colored. This
electrochromic behavior of the polyaniline film was
found to be quite reversible.
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Abstract No. 521

PREDICTION OF ELECTRIC FIELD AND ION DENSITY The saturated corona limit is reached when the

OF HVDC TRANSMISSION LINES maximum amount of charge is being released from the

conductor by corona. Conceptually, the charge flowing

Gary B. Johnson Luciano E. Zaffanella from a point on the conductor to ground along a field

line can be thought of as forming a tube of flux. The

General Elect.ic Company flux tube reaches a saturated condition when the

High Voltage Transmission Research Center potential along the length of the tube from ground to

East New Lenox Road the conductor, due only to the charge within the flux

Lenox, Massachusetts 01240 tube, is equal to the voltage on the conductor. When

this "charge saturated condition- is reached, no fur-

ther charge can be released from the conductor by

NTRODUCTION corona because the field at the surface of the conduc-

tor has become zero. In this saturated corona condi-

The use of HVDC transmission lines for bulk tion the corona curret, charge density, and electric

power transfer is increasing. In order to determine field at ground assume limit values.

the potential environmental impact of HVDC transmis-

sion lines, information on the electrical environment The calculation technique using the concept of

is needed. Three methods of obtaining the information the saturated corona condition consists of:

on expected levels of electric fields and ion den- * Calcujation of the electric field at ground

sities have been developed and used successfully at level in the absence of corona
the Nigh Voltage Transmission Research Center. The

three methods used at HVTRC are: full scale line a Determination of the electric field and ion

tests, small scale model line tests, and a unique densities at ground level in the saturated

mathematical model based on the concept of "saturated corona condition

corona * Calculation of the expected electric field

and ion densities at ground level in practical

conditions using the corona free and saturated
FULL SCALE LINE TEST corona values as lower and upper bounds with

an empirically determined degree of corona
The electrical environment of an HVDC transmis- saturation to establish where the actual

sion line is constantly changing due to the random na- values lie between the two bounds

ture of the corona on the conductors. Since the

electric field and ion density levels near the line A shortfall of the empirical calculation tech-

are fluctuating over time, a statistical represents- nique described is that it is limited to fairly stan-

tion of the line performance is necessary. One method dard line designs due to its basis on an empirical

of characterizing the performance of a HVDC transois- data base. Its applicability to unusual line designs

sion line is to monitor the electric field and ion would have to be verified with full scale tests.

density levels from a full scale version of the line

over a period of time and weather conditions.
SMALL SCALEF MODEL TESTS

HVTRC has two full scale bipolar DC test lines.

The short* line is 150 meters in length and is used Small scale model tests fill the gap between

to test line configurations up to t600 kV. The "long full scale line tests and mathematical model calcula-

line is 500 meters in length and is used to test line tions. Although they cannot predict the expected

configurations up to _1500 k. The line height and levels of electric fields and ion densities in actual

separation between conductor bundles can be changed conditions they can provide the saturated corona

quickly and easily. Electric field probes and ion levels of the electric fields and ion densities. Once

current plates are located every 5 to 10 meters within the saturated corona levels of a line design are known

_50 meters of the center of the line. Readings of the then the expected levels can be calculated using the

electric field probes, ion current plates, line volt- degree of saturation described previously. Although

age, and several weather parameters are taken and re- small scale model tests cannot be done as quickly as

corded once each minute by a data acquisition system. mathematical model calculations they are much faster

and simpler than full scale line tests. Small scale

Full scale line testing provides information on line tests are used to investigate and provide the

the actual variability of the line performance in saturated corona levels of electric fields and ion

various weather conditions. Such full scale line densities for unusual or new line designs that do not

studies have been used to provide information no the fit a standard line design.

line performance for licensing hearings and to prepare

environmental impact statements. The drawback of full

scale line testing is that it is time consuming and M12=

thus only a few line designs can be tested within a

given period of time. Three methods of determining the expected
electric fields and ion densities for a NVDC transmis-

sion line design have been described. Mathematical

MATHEMATICAL MODELING modeling of the electrical performance of HVDC trans-

mission lines is the most efficient and least expen-

Calculations based on mathematical models of sive method of evaluating different line designs. A

transmission line performance are less expensive and unique technique is described that uses the concept of

quicker than full scale line tests. However. the saturated corona to calculate the electric field and

variability of the and the weather conditions com- ion levels. Small scale model line tests provide a

promise the accuracy of many purely theoretical cal- method to predict the electric field and ion levels

culation methods. An alternative to either full scale when the mathematical model alone is insufficient.

line testing or purely theoretical calculations which Full scale line tests are appropriate as a verifies-

combines the accuracy of full scale line testing with tion of the electrical performa-e of a final line

the speed and flexibility of calculation methods is a design chosen from many possible designb d,. evalua-

semiempirical calculation method based on the testing tion based on mathematical model predictions or small

of several full scale lines at HVTRC and the concept scale model tests.

of a -saturated corona- limit.

6(.,!



Abstract N-.

Examination of available TLVs (threshold limit values-
"BIOLOGICAL EFFECTS OF SPARK-DECOMPOSED SF6" airborne concentrations of substances to which workers

G. D. Griffin, M. G. Nolan, C. E. Easterly and may be repeatedly exposed without adverse effect) for
1. Sauers

Health and Safety Research Division these compounds suggests the highly toxic nature of

Oak Ridge National Laboratory some of these gases. The TLVs for S2F1 o, SF4 , and
P.O. Box 2008

Oak Ridge, Tennessee 37831-6101 S02F2 are 0.025 ppm, 0.1 ppm and 5 ppm respectively.

These values can be compared to TLVs for commonSulfur hexafluoride (SF6 ) is widely used as an
hazardous gases like tO (50 ppm) and phosgene

insulating gas in electrical applications, 
such as GIS (o. ppm).

(gas-insulated substations), switchgear, etc. 
The gas Beas of l ca

is chemically inert and biologically innocuous. Bcueo h ako ilgcldt n h
ise eically ner and bisolgrical incu , potentially strong toxicity for some of these gases,

Depending upon conditions of electrical discharge we have examined their biological activity in an
(arc, sparks, corona), presence of other chemical i ir utrdcl ytm sn oe a

compoundsin vitro cultured cell system. Using a novel gas

exposure technique, cell culture lines of mammalian
electrode materials, and other factors, a variety of origin were exposed for 1 or 4 h to different

different chemical species may arise following concentrations of individual gases, the cell killing

electrical stress. We have investigated decomposition (cytotoxic) activity of the gas was assayed, and dose-

of SF6 during repeated sparking. The apparatus in response relationships were generated. It was then

which the sparking took place had a concentric possible to compare the relative cytotoxicity of the

cylindrical stainless steel electrode arrangement, and various byproducts. The following list ranks the

the total deposited energy was usually in the range of byproducts from most cytotoxic to least cytotoxic; in

1-32kJ. The various gaseous byproducts were analyzed addition, the approximate gas concentration which

by mass spectrometry or, in a few cases, gas killed 50% of the cells (following 4 h exposure) is

chromatography. Table I lists the concentration of given for each gas to provide a semi-quantitative
various gaseous byproducts found in a 16kJ spark indiCucon of how cytotonic one compound is compared
sample. to another. Relative cytotoxicities were: S2F10-

0.Oog%; S02F2 - 0.35%; 50F4 - 0.8%; 50F2 - 1.5%; SF4.

TABLE I Decomposition Products Found Following 0.6%; SF -17 SO2  and HF w essentiall
Reete pakngi S .6%; SiF4  -1.7%. S0 2 and HF were essentially

Reueated Sparkina in SF6  inactive because they reacted with medium components

Product Concentration in Sparked SF6 a and were neutralized. It is apparent that some of the

S0F2, sF~b 0.5% decomposition products of SF6 are cytotoxic at low

S02F2  0.0806% concentrations, and would be expected to contribute to

SOF 4  0.085% biological toxicity of spark-decomposed SF6. Indeed,

SiF4  0.026% sparked SF6 has previously been assayed in our cell
SD2  0.002% culture system, and 16kJ samples have been found to

HFc 1.0% exhibit a vigorous cytotoxic effect. There are a

S2 Fod . ...0.026% variety of compounds present in spark-decomposed SF6
gas which can produce acute cell lethality at low

al6kJ total energy deposited into 70 cm
3 
gas volume at

133kPa total pressure, concentrations, and therefore appropriate precautions

bSF4 quickly hydrolyses to SOF? via the reaction SF4 + in dealing with this gas should be undertaken.
H20 = SOF 2 + 2HF. The indicated concentration
reflects SF4 production immediately after sparking or
SOF 2 several minutes after sparking. This research is sponsored by the Office of Energy
Ctoncentration not measured, but calculated based on Storage and Distribution, Electrical Energy Systems
SF4 hydrolysis. The amount should be considered an Program, U.S. Dept. of Energy, under contract DE-ACO5-
upper limit, since losses may occur on walls or via
reaction with insulators. 840R21400 with Martin Marietta Energy Systems, Inc.
dyield can depend strongly on moisture in the system; i. G, D. Criffin, C. E. Easterly, I. Sauers, H. Ellis
increasing moisture leads to reduction in yield.

--- and L. Christophorou, "Cytotoxic Activity of Spark-

The toxicological data base for the compounds in Decomposed Sulfur Hexafluoride and Analysis of

Table I is either sparse, or virtually nonexistent, Cytotoxic Contributions of Individual Spark

but there is sufficient information to indicate some Decomposition Products" Toxicol. and nviron.

of these compounds are biologically very active. Chem., 9: 139-166, 1984.



Abstract No. 523

THE ELECTRICAL ENVIRONMENT OF HVDC TRANSMISSION LINES HVDC transmission lines are designed so that the
conductors will be operating below the corona incep-
tion surface gradient of 30 kV/cm. However, nicks in

Gary B. Johnson the conductor, small airborne particles of vegetation,

pollen, or insects on the surface of the conductor

create points where the electrical stress is inten-
General Electric Company sified sufficiently to produce Corona. In foul

weather, raindrops or snow flakes on the conductors
High Voltage Transmission Research Center will also act as points where corona is produced.

East New Lenox Road
Lenox,. Massachusetts 01240 SMALL AIR IONS

Air molecules that have been ionized in the
corona process undergo numerous collisions with the

INTROMa TDO other molecules in the air and in less than a few mil-
liseconds evolve from singly charged individual atoms,

In recent years. interest and use of high volt- molecules, and electrons to singly charged molecular
age direct current transmission lines for bulk power clusters. These singly charged molecular clusters,
transfer and system stability has grown. The study of called small air ions, consist of several water
possible environmental impacts of high voltage direct molecules (typically 3 to 10 water molecules)
current transmission lines is an important aspect of clustered around a kernel ion due to the electrostatic
the design and licensing of these high voltage trans- forces of its charge. Typical levels of ions from
mission lines. In order to properly assess the impact HVDC transmission lines range from a few thousand
of a HVDC transmission line on the environment, it is ions/cm

3 
at the edge of the right-of-way to ap-

necessary to characterize the electrical environment proximately 100.000 ions/cm
3 

directly under the line.
in the vicinity of the line. Small air ions are generated by many other sources and

are a natural constituent of the air.

HVDC TRANSMISSION LINE ELECTRICAL ENVIRONMENT As small air ions move through the air they col-
lide with existing particles suspended in the air

The effect of a HVDC transmission line on the called aerosols, and their charge is transferred to
electrical environment can be divided into two areas: these aerosols. Charged aerosols are sometimes
those effects due to the fields of the line, and those referred to as "intermediate" or "large" ions.
duE to corona on the line. The fields from a HVDC
transmission line consist of the electric field and OZONE
the magnetic field. The corona effects consists of Although ozone is produced by corona, the quan-
ions, ozone. audible noise, and radio interference. tity of ozone produced by HVDC transmission lines is

minimal, Even during heavy rain, when the level ofELECTRIC AND MAGNETIC FIELD corona activity is at its highest, the ozone con-
The voltage on the conductors of a HVDC trans- centration at the edge of the right-of-way is likely

mission line produces an electric field that is to be less than a few parts per billion (ppb). It
directly proportional to the voltage on the would be difficli - i - c , "
conductors. An electric field is also produced by the transmission lines from existing ambient ozone levels,
charge carried by ions from corona on the line. The which are one to two orders of magnitude greater (i.e
combination of these two fields produces the electric 10 ppb to 100 ppb).
field measured at ground level. Since a portion of
the electric field is produced by ions from corona on AUDIBLE NOISE AND RADIO INTERFERENCE
the line, the electric field from a HVDC transmission As described earlier, corona is essentially a
line is dependent upon weather conditions (the level small electrical discharge or spark into the air and
of corona is affected by weather conditions). The as such can produce audible noise such as a crackling,
strength of the electric field is expressed in popping. or hissing sound. The corona also generates
kilovolts per meter (kV/m). The current flowing radio interference in much the same manner as sparks
through the DC conductors produces a magnetic field from the commutator of an electric motor such as an
that is directly proportional to the current carried electric drill or kitchen blender. Corona produced
by the conductors. The strength of the magnetic field radio interference is generally apparent in the form
is typically expressed in Gauss. Both the electric of "static" superimposed on the broadcast material
and magnetic field are affected by the height and ar- being received, and it is more apparent on AM radio
rangement of the line conductors. They both decrease reception than on FM radio reception. FM radio recep-
quickly with distance from the line. tion is essentially immune to corona and electric

spark noise since it is frequency modulated instead of
Typical electric fields found near DC lines amplitude modulated as AM is.

range from about I kV/m at the edge of the right-of-
way to about 20 to 30 kV/ directly under the Up to a point, the greater the amount of corona,
conductors. Typical magnetic fields due to DC lines the greater the amount of audible noise and radio
range from a few 10 of milliGauss at the edge of the interference. However, the audible noise and radio
right-of-way to 300 to 400 millilauss directly under interference levels produced by corona on HVDC lines
the conductors. actually decrease during foul weather when there is a

great deal of corona due to the large number of coronaCORONA sources. This apparent anomaly stems from the fact
Corona is a partial electrical breakdown of the that the mode of corona on HVDC lines changes when the

air surrounding the conductors. In the corona number corona sources becomes very large, such as in
process, neutral molecules of air around the conductor foul weather. With fewer sources, such as in fair
are ionized. Corona occurs when the local electrical weather, the corona is more erratic and impulsive. It
stress on the surface of the conductor (surface is this impulsiveness of the corona which results in
gradient) becomes large enough to dislodge one or more the higher generation of audible noise and radio
electrons from the molecules of air surrounding the interference. The levels of audible noise and radio
conductors. This occurs at about 30 kV/cm. Typically interference are generally low from existing HVD(
corona is confined to a region within two or three lines and have few if any problems meeting federal and
inches from the surface of the conductors, state regulations.



Abstract No. 524
SIMILARITIES AND DIFFERENCES BETWEEN CORROSION IN the fine-grained inner region is formed first, since

HIGH TEMPERATURE GASEOUS ENVIRONMENTS AND the metal surface presents a sufficiently large
AQUEOUS ENVIRONMENTS number of nucleation sites. The initial formation of

the fine-grained layer is probably limited by the
T.A. Ramanarayanan* and S.N. Smith+ dissociation of H2S on the metal surface. Once the

metal surface is covered by a thin layer of iron*Exxon Research and Engineering Company sulfide, the rate-limiting step switches to the
Annandale, New Jersey dissociation of H2S on the iron sulfide surface, a

much slower process. This leads to a sudden
+Exxon Production Research Company deceleration in the kinetics, leading to the

Houston, Texas logarithmic growth behavior. Once the fine-grained
layer is formed, the grains favorably oriented for
growth along the c-direction grow at the expense of
less favorably oriented grains, leading to theThe subjects of dry corrosion (gaseous formation of the coarse-grained, columnar outercorrosion) and wet corrosion are now distinct areas scale. It is known

3 
that iron diffusion in

of corrosion science in their own right. One cannot pyrrhotite is most rapid along the c-crystallographicsay that there is close interaction between the two direction. The fact that the slope of the weightcommunities. However there are instances where gain vs. time curve is constant over much of thephenomena from both types of corrosion come into duration of the experimental curve in Fig.l suggestsplay; such a situation is treated here. that the rate of pyrrhotite growth is limited by a
surface reaction, most probably the dissociation ofThe situation under study is the corrosion H2S at the pyrrhotite surface.

of carbon steel in gaseous H2S environments as well
as H2S- saturated aqueous environments in the Corrosion studies in aqueous media alsotemperature range, 95-300'C. Such corrosion have been carried out in the 95-300'C temperatur.phenomena are encountered in many processes, for regime. Measurements, especially at the higherexample in the corrosion of carbon steel tubulars in temperatures, had to be carried out at high pressuressour gas wells. This subject has been extensively for obvious reasons. Electrochemical polarization
treated in the literature and some of the more techniques, involving a Tafel extrapolationimportant papers have been assembled in a NACE procedure, were used to establish the corrosionpublication'. The majority of such studies have been kinetics. Typical results for the corrosion of 4130carried out at room temperature or a few degrees steel at 220"C in 1% NaCl solution saturated with 10%above. The general picture which emerges from such H25 in argon at 2000 psi are presented in Fig.3.studies is that carbon steel in sour aqueous Each experimental point on this graph comes from aenvironments tends to corrode by direct dissolution Tafel extrapolation procedure. The corrosion rateof iron as ferrous ions. Different types of iron starts off at about 3000 mpy, decreases with time,sulfide phases can often form, and when they do, the and reaches a steady~tate value of approximaLely ISOscales ~an either provide corrosion resistance or mpy in 60 hours or so. The decreasing rate of
they themselves can undergo dissolution. In a recent corrosion indicaLes that a surface reaction is notstudy, Hausler

2 
has brought up the importance of the exclusive rate-limiting step in the process. Anconsidering transport processes within the corrosion analysis of the curve in Fig.3 shows that in theproduct layer. initial stages of corrosion, parabolic rate behavior

is observed, involving solid stateWe have taken the approach of studying the diffusion-controlled growth of the iron sulfidecorrosion of carbon steel first in gaseous scale. As corrosion progresses, a mixed control
environments containing H2S and then in H2S-saturated situation takes over where the dissolution of theaqueous environments. Thermogravimetric techniques scale also becomes a contributory factor. At stillhave been used to establish kinetics in the former longer times, when a steady state rate is reached,case whereas electrochemical techniques have been the rate of scale growth becomes equal to the rate ofused for corrosion studies in the aqueous medium, scale dissolution. The corrosion product scaleThe experiments have been performed in the 95-300'C formed in high pressure aqueous environments,
temperature regime. consists, in addition to pyrrhotite as the major

scale, FeS2 crystals at the outer surface as shown inThermgravimttric data for the corrosion of Fig.4. However, the FeS2 phase rarely covers thecarbon steel in a gaseous environment consisting of surface so that solid state diffusional processes
10% H2S in argon at 220"C are presented in Fig.l. mainly occur in the pyrrhotite scale. Since the slowThe weight gain is essentially due to the formation dissociation step which is involved in gas phaseof the an iron- deficient sulfide (pyrrhotite) scale corrosion does not occur in the aqueous case andon the surface of carbon steel. During an initial since, further, scale dissolution also contributes toperiod extending up to about 20 hours, the kinetic corrosion in the aqueous ph'se, the overall rate ofcurve follows a logarithmic dependence on time. corrosion is generally higher in H2S-saturatedFollowing this initial period, the kinetics are aqueous environments as compared with the gas phase
essentially linear with time. The structure of the alone.
pyrrhotite scale which is formed is shown in the SEM
fracture cross section in Fig.2. This scale consists RFBERN E
of a thin inner iron sulfide layer, next to the metal 1. '142S Corrosion in Oil and Gas Producticn-Asurface, which is very fine-grained and a thicker Compilation of Classic Papers', ed. by R.N.outer sulfide layer which is made up of columnar Tuttle and R.D. Kane, NACE, 1981
grains. A platinum marker, placed initially on the
metal surface, resides close to the metal after 2. R.H. Hausler, in Proc. 6th European Symposium onsulfidation, indicating that the growth of the Corrosion Inhibition, Ferrara, Italy, Sept.
pyrrhotlte scale occurs by the predominant outward 16-20, 1985
diffusion of iron ions through the it. The columnar
grains have a definite texture dssociated with them; 3. R.H. Condit, R.R. Hobbins and C.E. Birchenall,
they are oriented long the c-crystallographic Oxidation of Metals, 8, 409 (1974)
direction of the pyrrhotite crystal. We believe that
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Abstract No. 526

HOT CORROSION OF AOSCBEITIC STAINLESS STEELS on the benefits of Iii have been proposed before,
IN such as the improvement of oxide adhesion.

MOLTEN CARBONATE FUEL CELL ENVIRONMENT In the anode environment (reducing atmosphere
with high carbon activity), all the alloys tested

C.Y.,Tub, A. Pigesud,HrC. Mero showed high corrosion rates, unacceptable for MCFC
ae rg Research Ccooation application. The outer oxide scales formed on

3 Great Pasture Road Fe-Ri-Cr alloys are Fe-rich (possibly LsFec 0g or
Danbury, CT 06810 Li 2 Fc 3 O5 ) and non-adherent, possibly formled by the

fluxing, as was also suggested by Singh and Maru
and (3). Carbonate was detected along the outer-inner

scale interface. The inner scales consist of Fe-Cr
O.H. Meier oxide and Ni-rich metallic phases; a typical compact

Dept. of Materials Science & Engineering Cr20o layer is absent under reducing conditiens.
University of Pittsburgh Etching of the base alloys revealed considerable
Pittsburgh, PA 15261 carburization; the extent of carburizatiom appeared

less with high Cr content (-25% in 310S). Carboriza-
The nolten carbonate fuel ce..l (MCFC) system tio, causes Cr depletion and prevents the formaition

represents a highly efficient alternative node of of a continuous Cr2O3 protective layer. The carbide
power generation from natural gas, methanol and nay eventually oxidize and release carbon for further
ceal derived gases. Because the hardware used in substrate carburization. It is suggested that the
an MCFC, such as separators and current collectors, fluming attack of Fe, coupled with carburization
is exposed to both reducing (anodic) and oxidizing of chromium, causes the accelerated attack and embrit-
Scathodi c) atmospheres in the presence of molten tiement in the anode atmosphere. Resin fluxing
cabonate electrolyte, the alloy used needs to be nay be possible due to oxide accumulation from te
very stable from a ce-rosion point of view. Simul- reaction:
taneous attack 'n the forma of oxidation, hot salt
fluxing and carburization often iead to poor stability 2O- + 2e- --* H,, + 20m
sod low mechanical strength (1).

In recent research, commercial and esperimental This reaction is believed to proceed much faster
austeniti c stainless steels were investigated in than the d'rect reduction of oxy-anloms peroxide,
a typical MCFC environment. Table 1 lists the compo- etc.). Nevertheless, in the anode atmosphere e
sition of a few of the alloys studied and the expert- high Cr-Ni content tan in 310S) somewhat improves
mlental conditions used. The experimental techniques hot corrosion resistance, but not as much as in
ilsed include Isothermilal soak, acoustic emission, the cathode atmospheres, for similar reasons of
cyclic oxidation, and oxide ohmic resistance measure- poor compact passive film formation.
mnts. Hot corrosion mechanisms are proposed based Pressurized testing (li vs. 1 at.m) indicetecs
on the experimental results. that at higher pressure (10 atm) reduced anode-side
Isetheria Soak Experiment corrosion occurs, but pressure has little effect

luring the retort testing, the test coupons on cathode-side corrosion of 310S or CCLT-St'.
were, in costa-t with a melt reservoir of carbonate- Because melt basicity is reduced at a higher pressure,
filled plaques of porous NI or NiO. In the cathode the results point to a basic fluxing mechanism int
oxiz cingi atmv sphere, uniform, adherent oxide the anode atmosphere. The little effect of melt

scales fcrmed on high Cr-Ni alloys (31057, 31lleCe, basicity on the solubility of LiFeO2, on the other
3101+11, 311., Crutemp-S5, COLT-SW+. Thick scales hand, may explain the insignificant effect of pressure
formed on the 316t., and 18-18h alloys. The outer on cathode-aide corrosion rate. The little effect
to, Inner scales formed ocv Fe-Ni-Cr alloys, using of melt alkali composition (with somewhat different
an )(RD1 technique, were foulnd to be LiFeO2, Cr203 , melt hasicities) on corrosion of 3100 in an oxidizing
eind chromium carbide, respectively. Many of the atmosphere (Figure i) appears to co:ofirm the above
unidenttfied peaks from the inner scales may corres- explanations.
pond to Fe-Cr spinels. The scales formled on 3i6L Cyclic Oxidation Experiment
had ThLe worst adhesion, showing severe spalling As an accelerated teat of scale adhesion,
duringW cool-downi of the testing. The very high rapid cycling oxidation (1 cycle/hour with a temper-
tMc cntent in lh,-1 is definitely detrimental, stoire cycle 700oC, 15 minutes, and room temperature,
The rare-earth additives (0.05% l~a or 0.2% Ce) did 15 minutes) has been Carried out in cathode atmos-
not* appear to leprovo Isothermal corrosion resistance phere in the presence of 1-1.5 mg/cm

2  
of' b2Li/3SE

agreat, Ieal, carbonate melt wetting the coupons. The results
A high Cr Content e.g., 25% in 3101) promotes (Figure 2) indicated that the addition of ia or

*,he formation of a thicker protective Cr2O3 compact Ce did not improve cyclic osidatton resistance,
iayer tear the scale-metal interface. Although although this type of rare-earth addJitives hes been
Cr?>3  dissolves initially in molten carbonate as reported in the literature to be able to improve
ccnroeiate, the f'ormation of an outer, relatively oxide adhesion. Rut this is true mainly in connection
passion 1,iPeO2 layer protects Cr2O3  (as well ais with dry oxidation, li-addition clearly appears
o',her ox e film compounds) from further carbonate no improve cyclic oxidation resistance, probably

atak 'his LiFC02 layer is relatively resistant due to the greater oxide penetration, as found by
'o carbonate flusinw atttack as a result of its rela- metallographic anaiysis. lioL, shows the worst cyclic
tiseiy iow solubility In molten carbonate (-80 ppm), osidation behavior among the commnercial alloys studied

alo 'ssitive to melt basicity changes (2). based on the weight change data and metallographic
Alow Cr -ontent (e.g., -18% In 316L) does not results.

iuarantee the fo rmati on of a sufficiently thick Acoustic mission Experimeni
r~ 3layr near the oaide-metai interface due to Adherence of oxide scales to 320S, 316!. and

much .r dissolution and depletton from the substrate COLT-S5e was also evaluated, using, as acoust ic emis-
al.inthe -n!, of oxide cracking, a contiross sion technique. The results indicate, that, although

r; , %al' emy no be able to reform. from trhe Cr- C )lT-St+ has a bet ter cyclic oxidation resistance
Ifr-~e biae metal, reselti.i': in acecelerated attack,. than dill or 3lol. In the absence of carbonate, mined!

hatk- conWen (2n-25% appears to improvo response was obtained in the presence of carbonate.
r , r c,*i s tan," , but, the whoie mechanism inl In-adiltion dons not, affear to Improve at! do adhesIon

F1 Is l atln Is yet clear. Many theories slen ift eastly, as was al eccdfrom the volci

!1 •



oxidation e xperiments.
Oxide Ohmic Resistance Experiment

Ohmic resistivity of oxide scale formed on
current collectors is an important consideration
from an MCFC performance point of view. Resistivity
of in-situ formed oxide scales on 310S, 316L and
COLT-25

+ 
has been measured by a four-probe resistivity

measurement technique. The results indicate that
the oxides all have fairly similar volume specific j$-, 310S
resistivity, but scale thickness contributes substan-
tially to the higher area specific resistances. 50
A small oxide gro-th rate may indicate fewer crystal
structure defects, whereas a high electronic resis- 1110 Cathode

vity my indicate fewer eleotronic defects. How-
ever, because of the mixed valence nature, defect
concentration and electronic resistivity of the
oxide scales evaluated cannot be clearly related,.

Acknowledxpnent: The authors wish to acknowledge
tee support of the Departnent of Energy under Con-
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AbstracE No. 5'7

SIMULTANEOUS CHROMIZING-ALUMINIZING OF NICKEL AND
NICKEL-BASE ALLOYS BY HALIDE-ACTIVATED PACK

CEMENTATION

Vilupanur A. Ravi and Robert A. Rapp
Department of Metallurgical Engineering

The Ohio State University, Columbus, OH 43210

Critical gas turbine components are coated by
various physical and chemical processes to generate a
corrosion-resistant surface composition to protect a
strong substrate alloy.

Halide-activated pack cementation is commonly
used to generate such coatings. This is a chemical
vapor deposition process carried out in a closed
container at high temperatures. A 'pack' typically
contains the substrate(s) to be coated and powders of
an inert filler, a masteralloy rich in the element(s)
to be deposited and a halide salt activator. The
activator salt reacts with the alloy powder to form
volatile metallic halide molecules which provide
vapor phase transport from the pack to the workpiece.
The process temperature is high enough for the
species to diffuse into the workpiece and enrich it
to a significant depth. Aluminum, chromium and
,ilicon have been extensively investigated as the
alloying elements.

Industrial practice is to deposit only one
element at a time. However, if two elements could be
deposited simultaneously, superior oxidation
resistance could be achieved. In a cement-pack,
deposition occurs by disproportanation of the gaseous
halides, or by reactions of the hal ide with the
activator or the gaseous environment. To cnoose the
appropriate pack chemistry for codeposition of Al and
Cr, a knowledge of the partial pressures of the
relevant halides is essential. This has been done

with a omprter program SOLGAMIX-PV. [I] From

activity data of Johnson et al[2], partial pressures
of the gaseous species in equilibrium with the pack
have been plotted as a function of the activity of Al
in the Al-Cr masteralloy at 1273 K. The partial
pressures of the Al fluorides are always higher than
the Cr fluorides indicating that codeposition of Al
and Cr may not be possible in a fluoride-activated
packs. In chloride activated packs (NaCl, CrCl 2 ),

the partial pressures of the Cr hal ides are
comparable or higher than the Al chlorides for very
low aluminum activities of Al-Cr masteralloy.

In the current studies, Al and Cr were co-
deposited into Ni and Ni-base alloys by greatly
reducing the activity of Al in the masteralloy
relative to Cr. Coatings were obtained for several
masteralloy compositions (98 Cr-2 Al, 95Cr-5 Al, 92
Cr-8 Al and 90 Cr-1O Al (w/o)) and different
activators. The coatings were then characterized by
optical and scanning electron microscopy and energy
dispersive analysis. The effectiveness of the
coatings was verified by cyclic oxidation,
thermogravimetry and hot corrosion testin 9 .

This presentation will discuss the principles of
codeposition and show how the pack can be engineered
to attain the desired coating composition.

References
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Abstract No. 528

SIMULTANEOUS CHROMIZING-ALUMINIZING COATING OF qualitatively with the thermodynamic calculations
STEELS AND AUSTENITIC STEELS BY THE PACK performed for such packs.

CEMENTATION METHOD For a CrCl2 -activated pack at 1035 C, the coating
contains a very thin fine-grained outer layer and an

P. .Coguel, E. Naylor and R.A. Rapp extensive inner layer with large columnar grains.
Department of Metallurgical Engineering The concentration profiles for Al and Cr through the

The Ohio State University coating are regular. The coating interface is marked
Columbus, Ohio 43210 by a step in the Cr concentration profile, corres-

ponding to the gamma loop in the Fe-Cr-AT-C system
Steels used at high temperatures (700-1200 C) in for 1035 C.

util ity boilers, petrochemical plants, fuel Chromizing and aluminizing of stainless steel
cells.. .have to be protected against various alloys (304SS and 316SS) have also been carried out.
corrosion atmospheres. Chromium and aluminum or The combination of the composition of the masteralloy
aluminum and silicnn are known to provide the best and the activator salt to avoid the formation of a
resistance to degradation by a variety of high NiAl outer layer was researched. In the
temperature environments. microstructure of an alloy 316SS coated with a 92.5

Because the volatile halides of aluminum are very Cr-7.5 Al masteralloy and NaCl activator, the brittle
much more stable than Chose for chromiu or nilicon outer layer did not form, but the coating is rather
codeposition of Cr and AT in a single coating step is thin and shows areas which seem to have undergone a
generally unsuccessful. reverse transformation, perhaps resulting from pack

But, recently, by using a binary alloy with a low depletion.
activity of Al, simultaneous chromizing and

aluminizing on :,teels has been achieved.
1
,
2  

Reference:
Based on these successful results, an 1. R.A. Rapp, D. Wang and T. Weisert, High

investigation was undertaken to gain further Temperature Coatings, M. Khobaib and R.C.
understandinq into the mechanism of simultaneous Krutenat eds., The Metallurgical Society, Inc.,
deposition of Ctr and Al into Fe substrates and to Warrendale, PA (1987), p.131.
achieve similar dffusion coatings in low and high
alloy steels u, der much less restrictive and 2. D.M. Miller, S.C. Kung, S.D. Scarberry and R.A.
industrially viable conditions. Rapp, Oxid. Metals.

Thermodynamic Study 3, G. Ericksson, Chem. Scr., 8, 11975) 100.

The pack cementation coating process is usually 4. C.S. Lin, User's Guide to SOLGAMIX-PV, Dept. of
carried out at constant temperature (1000 C) in a Metallurgical Eng.. The Ohio State Univ.,
reducing (H2) or inert (Ar) background at constant Columbus, OH, (1986).

pressure (I atm). To understand the pack/gas
equilibrium, when an alloy is used as the 5. R. Flynn, A.E. Morris and D. Carter, Using the
masteralloy, a thermodynamic analysis has been done. UMRi/SOLGAMIX Software Package, Proc. Computer

The calculation of the equilibrium partial Software Conf., Dept. of Metallurgical Engr.,
pressures of the stable gaseous species as a function Univ. of Missouri, Rolla, MO (1987).

of the activities of the condensed phases has been 6. W. Johnson, K. Komarek and E. Miller, Trans Met.

done using a SOLGAMIX software program 3,4,5. The Soc. AIME, 242, (1968), 1685.
calculations were performed for 1000 C in an Ar
background atmosphere for various activators and 7. L. B. Pankratz, U.S. Bureau of Mines Bulletin
master-alloys. The activities of Cr and Al in binary 674, (1984).
Cr-Al alloys used in these calculations were taken

from Johnson et al6. The thermodynamic compilations 8. C. Wagner and V. Stein, Z. Phys. Chem. (1943)
of Pankratz served as a source of free energy data 129.

for all species except gaseous CrClx8 and CrFx9 0 o. 9. R. A. Kent and J. L. Margrave, J. Am. Chem. Soc.,
87, (1965), 3582.

In NaF- or AIF3 -activated 
packs, the AlFx partial

pressures are always much higher than those of CrF x . 10. K. F. Zmbov and J. L. Margrave, J. Chem. Phys.,

Therefore, the fluoride packs are strongly 47, (1987) 3122.

aluminizing even at low aluminum activities in the
masteralloys, and codeposition of Cr and AT should
not be possible using a fluoride activating salt.

In NaCI- and CrCI 2 -activated packs for low A)

activities (about 6.5 x i0-3), the partial pressures
of Cr chlorides are greater than those of Al
chlorides. The AlClx  (x = 1,2,3) and CrCI 2  partial

pressures are comparable for Cr-Al binary
masteralloys with compositions corresponding to 10-15
wt% Al. At the interface of the pack/Fe substrate,
the partial pressure of FeCl2(v) is quite high, so an

exchange reaction such as Eq. (1) must be expected:
Fe s) f MCl 2 (v) = FeC 12 v) + M (1)

where M denotes Cr or Al.

Experimental Results

Codeposition of Cr and Al into 2 1/4 Cr-I.O Mo
steel has been carried out; different binary Cr Al
masteralloys and different activators have been
tested. For a chloride-activated pack with Ar
background gas, at 1000 C, chromizing or chromizing-
alumizin can be achieved depending on the Al
activity of the masteralloy. These results agree

7",



Abstract No. 529

Reactions of Metals and Ceramics with Chlorine and penetration and reaction with the SiC substrate. It
Oxygen at Elevated Temperatures is further proposed that the silicon oxychlorides form

by reaction of silicon chlorides with oxygen. This
N. S. Jacobson, NASA Lewis Research Center is because passing oxygen over liquid SiC14 forms

Cleveland, OH 44135 numerous silicon oxychlorides.

J. E. Marra, E. R. Kreidler, Ohio State University In summary, the reactions of metals and ceramics
Columbus, OH 43210 with oxygen and chlorine mixtures has been discussed

for both Ni-Cr alloys and SiC ceramics. Although
M. J. !callan, University of Illinois at Chicago both systems produce stable oxides, chlorides, and

Chicago, IL 60680 oxychlorides, the specific reaction schemes are quite
different.

Gas-solid reactions involving chlorine and oxygen
are an interesting class of reactions since they lead References:
to both condensed phase and volatile products. The
condensed phase products may be oxides or chlorides 1. Stearns, C. A., Kohl, F. J., Fryburg, G. C., and
and the volatile products may be chlorides or oxy- Miller, R. A., "A High Pressure Modulated
chlorides. In this paper, two systems are discussed-- Molecular Beam Mass Spectrometric Sampling
binary Ni-Cr alloys and SiC ceramics. Both systems System," NASA TM 73720, July 1977.
are known to form stable oxychlorides and both are 2. Jacobson, N. S., "Application of an Atmospheric
close to systems of practical importance. A list of Pressure Sampling Mass Spectrometer to Chlorina-
the materials examined is given in Table I. tion Reactions," NASA TM 87270, March 1986.

3. Stull, D. R. and Prophet, J. H., JANAF Thermo-
These reactions lend themselves to sady with an chemical Tables, U.S. National Bureau of Standards,

atmospheric sampling mass spectrometer. Such an Washington, DC, 1971, and supplements J. Chem.
instrument allows the vapor species of a process Ref. Data, Vol. 4, 1974; Vol. 5, 1975; and Vol. 7,
occurring at one atmosphere to be mnitored with a 1978.
mass spectrometer operating at '10 torr. This 4. Bale, C. W., Pelton, A. D., and Thompson W. T.,
instrument is shown schematically in Figure 1. It F*A*C*T (Facility for the Analysis of Chemical
consists of a series of differentially pumped vacuum Thermodynamics), McGill University/Ecole Poly-
chambers. A small (8 mil) orifice is placed in the technique, Montreal, Canada, 1979.
reaction furnace near the sample. The volatile 5. Lin, S. S., "Mass Spectrometric Studies on High
species enter the cone and undergo a free jet expan- Temperature Reaction Between Hydrogen Chloride
sion. Such an arrangement allows the direct sampling and Silica/Siifcon," J. Electrochem. Soc. 123[4],
of volatile reaction products while preserving their 512 (1976).
chemical and dynamic integrity.

TABLE I
Consider first the Ni-Cr alloys. Each of these

alloys was preoxidized for two hours. The NiSCr alloy Materials Studied
formed a NiO scale, the Ni-IbCr formed a Ni and Cr U
scale, and the Ni-3OCr formed a Cr 0 scale. The mgs Metals Ceramics
spectrometer data is shown in Tablg II. Very clearly,
the higher chromium alloys produce more corrosion Ni-SCr Si
products. Thermogravimetric data on these reactions
over several hours showed that the Ni-3OCr alloy Ni-15Cr SiC (Al203 additives)
corroded the most rapidly.

Ni-30Cr
These data are explained on basis of the extra-

ordinary stability of the CrO2 Cl2 vapor molecule.
Table III lists some heats of formation of the TABLE II
refractory metal ox~c~lorides as compared to other
volatile chlorides. " Evidence suggests that chlor- Mass spectrometer results for Ni-Cr Alloys-preoxidize
ine reacts directly with the oxide scale as follows: 2 hours and react with I'- Cl /50k 0/Ar at 700C.

All ion intensities normalized to 0124 :

Cr203 + 2C1 2 (g) + 1/2 02 (g) = 2Cr02Cl2 (v) robable id 2 Ni

Probable Ni-3RCr Ni-1 Cr Ni-5 r
The important conclusion is that while Cr,0 3 scales m/e Ion Parent x10 lO xiC
offer excellent protection in some corrosive environ-
ments, they appear to be readily volatilized by 93 NiClt NiCl 2  .- 2.0 --

chlorine-oxygen mixtures.

Next consider SiC ceramics. These materials form

protective Si02 scales. Silicon oxychlorides have 119 Cr02Cl+ CrO2 CI2  4.9 2.3 1.6
been reported, but there is no thermodynamic data

readily available. The most commonly observed 5  130 NiCl 2+ NiCl2  0.4 3.2 1.6
products in this system are SiCI2 , SiCI, and Si
As shown in Table III, SiCl4 is quite stable. 154 CrO2C 2+ Cr02Cl2  4.4 4.1 --

The results for silicon based ceramics can be
summarized as follows. Increasing the ratio of oxygen
to chlorine tended to slow the reaction. A typical
mass spectra is shown in Table IV. Oxychlorides were
observed, but in very small quantities. Thermodynamic
calculations suggest that the reaction of SiO with
Cl2 forms SiC14 in very limited quantities. Thus, it
is quite likely that silicon chlorides do not form by
direct reaction with Si02, but rather by oxide

772



TABLE III

AHf(298
0
K) of Some Chlorides and Oxychlorides

Vapor Specie AHf (298°K) kcal/mole

NiCl 2  
- 13.5

SiC?4  -157.1

Cr02 CI2  -128.6

Mo0 2Cl2  -151.3

TABLE IV

Mass Spectrometer Results for SiC (Al20 additives)

+ I% C12/1% 02/Ar at 950'C. All ion iniensities
normalized to Cl2 +.

m/e Probable Ion Parent(s) Intensity

63 SiCl+ SiCl2 , SiC13 SiC?4  75.6

98 SiC12+ SiCl2, SICI 3, SiC?4  23.2

133 SiCl 3+ SiC? 3, SiCl4  139.0

168 SiCl4 + SiCl4  40.2

249 Si20Cl5
+  

Si20C1 6  
2.25

286 Si2 0C16
+  

Si20Cl6  0.55

312 Si30Cl6+ Si30CI 8 (?) 0.30

Figure I
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Abstract Nc. 530

EFFECT OF CHLORINE CONTAMINATION ON THE OXIDATION OF end of the experiments performed in 0.5% C12 and 1%
IRON-CHROMIUM ALLOYS C12.

UNDER CONDITIONS OF TEMPERATURE CYCLING
Because the rate of attack of the alloy after

J.C Liu, M.J. McNallan the temperature cycles in environments containing
CEMM Dept., m/c 246 0.1% C12 to 0.5% C12 is much greater than the rate

University of Illinois at Chicago of attack of the alloys at the beginning of the

P.O. Box 4348 experiments, these results cannot be interpreted In

Chicago, IL 60680 terms of scale spallation alone. Instead, the dam-
age to the oxide scale produced by the temperature

Iron-chromium alloys are resistant to oxidation cycle and the selective oxidation of chromium from

because they form a protective chromium oxide scale the layer of metal below the scale produces a condi-

by selective oxidation of chromium in high tempera- tion under which the mixed oxidation-chlorination of

ture oxidizing environments. These alloys may be the alloy can proceed at a very high rate. The
susceptible to accelerated oxidation when the temp- implications of these observations for the mecha-
erature of the environment changes, because the dif- nisms of mixed oxidation-chlorination of alloys will

ference in thermal expansion coefficient between the be discussed.
oxide and the metal can produce stresses which can
lead to cracking or spallation of the oxide scale.
The metal which is exposed to the environment by This research was supported by the U.S. Department
spallation of the oxide may be depleted in chromium of Energy under grant DE-FG02-85ER45178.
due to the earlier oxidation, so that a protective
oxide scale does not reform promptly leading to a
condition referred to as breakaway oxidation.

The presence of chlorine contamination in the
corrosive environment is known to exacerbate the
problem. In this study, the effects of chlorine 0
contamination on the cyclic oxidation of an iron-20% 1 LEGEND
chromium alloy (by weight) have been investigated in = RXN 35,chlorine I%.1200 k
an environment consisting of Argon. 20% 02 (by vol- 0 o = RXN 36,chlorine O.5%,1200 k
ume), and varying levels of C12 . The experiments 8 = RUN 37.chlorine 0.25%.1200 K
focussed on the effect of chlorine on the initiation - = RXN 38.chlorine 0.1%,1200 K
of scale failure events and on the role of chlorine - = RXN 39,chlorine 4.05%.1200 K
in the transport of species through the corrosion = RXN 40. oxygen 20%,1200 K
product scale.

The experiments were thermogravimetric measure- C

inents performed at 1000 K and 1200 K in gas mixtures E,

flowing at a superficial velocity of 1.5 cm a-/
using a Cahn RG electrobalance and rectangular metal I -

specimens with dimensions of approximately I am x I :2 .5
cm x 1 mm. The experiments were performed for a i

period of 100 hours with cooling cycles to approxi- cl
inately 100

0
C for 30 minutes each occurring every 12 .

hours during the exposure. A long cycle time was - 02 0.25%-
selected to maximize the probability of apallation
events occurring at each temperature cycle. At the "
conclusion of the experiments, the samples were 6

examined by optical and scanning electron microscopy
and the corrosion products were identified using

X-ray diffraction analysis. W

Figure 1 shows a typical thermogravimetric C2 0
result for the Fe-20%Cr alloy exposed at 1200 K in
gas mixtures containing varying amounts of Cl2 . The -
changes in mass detected in the uncontaminated envi-
ronment and in the 0.05%C1 2 environment are small in
comparison to those observed in the other environ-
ments, although it is to be noted that they were
larger than the changes in mass observed in the same
environments under isothermal conditions. In the
other environments, the mass of the specimens o 10.0 20 n 300 400 50.0 n 0 7c 800 o 0 ac 0 0
increased substantially after exposure, with sharp TIME.(hrs)
increases in mass being observed after many of the
temperature cycles. Only one obvious spllatlon Figir 1. ihermogravim-tric r.l-t, f-r -, 't
event wax observed during this experiment. This is allo fv i, Ar-20,0,t-C1 g- axtur at Iloo K
indicated by the sharp decrease in mass of the spec- temperarc- -cvles 10 373 K at 12 ,ir,- intral.
imen in the 0.1% Cl2 environment after the tempera-
ture cycle 24 hours after the beginning of the
experiment. In all other cases the failure of the
protective scale occurred with the scale remaining
on the specimens. At the conclusion of the experi-
ments, the specimens which showed large increases in
mass were covered by porous oxide corrosion prod-
ucts. Very little unreacted metal remained at the
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The Effect of Alloy Grain Size on Oxidation Kinetics The grain size of the oxide scale was evalu-
of an -Forming AlIoy ated with transmission electron microscopy on

pieces of scale that had spalled on cooling. Sam-
John J. Goedien and David A. Shores pies were prepared for microscopy by ion-milling

from the gas/oxide side, and the results are reported
Minnesota Corrosion Research Center in Table 2.

University of Minnesota These alloys were also examined with an
221 Church St., Minneapolis, MN 55455 acoustic emission technique that can detect, in-situ,

the fracturing of the oxide scale. This technique,
which has been described elsewhere,3 is based on

Alloy grain size is not usually regarded as the sensing of the elastic energy released by a crack
having an important effect on oxidation rates. It has with the use of a sensitive piezioelectric transducer.
been demonstrated, however, that surface deforma- The output of the transducer is converted to "counts"
tion, leading to a recrystallized, fine-grain surface by suitable electronic equipment, 'Dunegan 3000
layer, is beneficial in promoting the formation of a System'. A typical run was carried out as follows: a
protective scale on alloys of marginal compositions.' specimen, prepared identically to the oxidation
It was suggested that enhanced transport of alloying specimens, was spot welded to a platinum wire
elements to the metal/scale interface, via grain (which acted as a waveguide), and was suspended
boundary diffusion, accelerated the initial formation in the furnace. The opposite end of the wire was
of the protective scale, which contributed to a subse- clamped against the piezoelectric transducer which
quent reduction in the overall oxidation rate. It has is held outside the furnace. The specimen was oxi-
also been demonstrated that a stainless steel pre- dized isothermally (I 150'C) for 72 hours in I atm.
pared by powder metallurgy techniques using rapidly oxygen and then furnace cooled to room tempera-
solidified powders, and therefore having a very fine ture. Acoustic emission data were collected during
grain size, exhibited greatly improved oxidation re- the isothermal period and during cool-down. It
sistance as compared to conventionally prepared should be noted that a single crack can generate
alloys of the same composition. 2 In the present many counts. 3

study we have examined the effect of alloy grain size
on the rate of oxidation of a very oxidation -resistant Results an Discussion
alloy. All the samples readily formed protective o.-

Materials and Experi mentat Procedure A120 3 scales under the conditions of the experiment.Two materials having the same nominal com- A plot of TGA data for short times for several differentposition (Ni- 2.5Fe -16.2Cr -4.7AI -0oSi -0.02Y grain sizes of plasma spray alloys (GE/PS) and forwgt% were studied. One was a very fine-grained Cabot alloy 214 (C-214)is shown in Fig. 1. Thesealloy pereed by plasma spraying of blended pow- results show that among the GE/PS specimens theders, which was kindly supplied by General Electric larger grain sizes produced faster initial rates of oxi-Research and Development. The other material was dation. Interestingly, the wrought alloy C-214, with athescoearcil andDevlopCot. Te ohi maeril ws large grain size, oxidized as slowly as the finest
the commercial alloy Cabot 214, which is made by grained GE/PS alloy. Over a longer time the rates of
conventional cast/wrought techniques, end a sample oxidation decreased with time, as shown in Fig. 2,
was kindly supplied by the Haynes Corp. The an era ith time appon the
plasma sprayed material, as-received, had an aver- and generally all the specimens approached theage rai sie o 1.4pm;theCabt 21 ha anas-same low value, regardless of the initial rates. These
age grain size of 1.4 gm; the Cabot 214 had an as- longer term kinetics are similar to those obtained by
received grain size of 65 microns. Individual speci- other authors for similar alloy compositions.
mens of the plasma sprayed alloy, approximately 1 Acoustic emission activity was low during
cm 2 

X 1 mm, were heat treated for various times at isothermal oxidation, typically accumulating less than
1250 or 1300'C to obtain larger grain sizes, as re- 2000 counts/cm2

. While this likely indicates some
ported in Table 1. Some Specimens exoerienced isolated scale cracking, the protectiveness of the
grain growth and thus developed a bi-modal grain scale was not significantly compromised, as is evi-
size distribution. After heat treatment the specimens dent from the TGA curves. Unfortunately, the pres-
were ground to remove any alloy depletion layer at
the surface, then they were polished through 1.0 pm ence of (isothermal) cracks could not be verified by
diamond abrasive in preparation for oxidation stud- subsequent examination, because on cooling from
ies. Because the oxidation temperature was less 1150°C to room temperature large numbers of addi-
than the heat treatment temperature, these grain tional counts/cm

2 were recorded, indicating exten-
structures were expected to be stable. The as-re- sive cracking induced by the thermal mis-match

ceived plasma-sprayed alloy did experience grain stresses. While there is a considerable range of total
growth during the oxidation exposure. numbers of counts (1.5 x 105 to 5 x 107 counts/cm

2
)

The oxidation kinetics were determined at among the specimens, there was not a clear trend
11501C in oxygen from continuous weight mea- with grain size. Therefore, the data are shown in Fig
surements for periods of 1/2 to 72 hours with the use 3 as a plot of per cent accumulated counts vs tern-
of a Cahn model 1000 electrobalance. Because of perature. This representation emphasizes that most
the high (weight) sensitivity required, weight changes of the thermally induced cracking occurred only after
during the first few minutes of exposure were quite a considerable amount of cooling, AT > 500 - 600'C.
variable and it was difficult to establish accurately the Although thermal cycling oxidation tests have not
initial weight of the specimen at temperature. Con- been run, the acoustic emission data suggpst that
sequently, these small initial weight changes have these alloys would not fare well with thermal excur-
been discounted. While this procedure does not sions extending to near room temperature
establish absolute weight gains, the relative posi- Unlike earlier studies on alloys which formed
tions of the curves were found to be independent of Cr 2 0 3 scales and which have poorer oxidation re-
the choice of a starting reference point. sistance. the present studies show that alloy grain
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size does not appear to be a highly significant na-
rameter in determining oxidation resistance for Oxidation Kinetics

A120 3 -forming alloys that have a high inherent re- 1.32,,,.

sistance. There is a clear beneficial effect of small
grain size during the early stages of oxidation, but 1so
this effect is gradually lost as the scale thickens.
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Table 1. Grain Sizes of Alloys

Heat Treatments GrainSize20

Alloy (IC) (hr) (Ilm)

Time (hr)
Cabot 214 65
Plasma-sprayed 1.4 Figure 1. Oxidation kinetics for different grain sizes of

Plasma-sprayed 1250 24 17 GE/PS alloy and for the as-recieved C-214 alloy. Refer

Plasma-sprayed 1250 72 26 to Table 1 for heat treatments.

P,asma-sprayed 1300 24 20 instantaneous Oxidation Rate
Plasma-sprayed 1300 72 32 s0

70

Table 2. Grain Sizes of Oxide Scales
60

GE/PS Alloy Oxidation Grain so

Grain Size Time Diameter -E 'o
(im) (hr) (P m)

Z 30

32 0.5 0.25 m 20
26 0.5 1.3
32 24 1.9 ix
20 24 1.1

0 10 20 0 40 50 60 70

References Time (hr)
Figure 2. instantaneous oxidation rates for different
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Abstract No. 532

EFFECT OF ION-IMPLANTED CERIUM ON THE GROWTH RATE observed in the SIMS depth profile shown in Fig. 3.

OF CHROMIA SCALES ON Ni-Cr ALLOYS This comes from an oxidation experiment carried out
at 1100"C. The y-axis indicates intensities for Cr,

N. Patibandla+, F. Cosandey+ and T.A. Ramanarayanan* Ni and Ce cations whereas the x axis is proportional
to the depth, starting from the oxide scale surface.

+Department of Mechanics and Materials Science The actual depth in angstroms is obtained by

Rutgers University, Piscataway, New Jersey 08855 multiplying the depth number indicated on the x-axis
by 50. The fact that the cerium mainly resides

*Exxon Research and Engineering Company within the chromium oxide scale suggests that the
Annandale, New Jersey o88 mpn scale predominantly grows inward.

Future work involves carrying out more

Previous research has shown that yttrium oxidation kinetics experiments on the Ce-implanted
additions to high temperature alloys, either as oxide samples to better establish the temperature
dispersions or as a metal, have a significant effect dependence of the parabolic rate constant. Further,
on the growth characteristics of chromium oxide detailed characterization of the cerium-containing
scales formed on such alloys

-4
. Generally yttrium chromium oxide scales will be carried out using SIMS

tends to lower the rate of growth of the chromium and TEM techniques. Basmd on the results, a
oxide scale by suppressing chromium transport through mechanislic interpretation of the ce-rum effact will
the scale to such an extent that oxygen migration be attempted.
beco.s the predominant rate-limiting step in scale
growth. Ac.orJing to Przybylski, Garrett-Reed and REFERENCES
Yurek

2
, yttrium teno to segregate to grain 1. T.A. Ramanarayanan and R. Petkovic-Luton, Ber.

boundaries in the chromium oxide scale and such Bunsenges. Phys. Chem., 89, 402 (1985)
segregation suppresses the grain boundary transport
rate of chromium in the chromia scale. On the other 2. K. Przybylski, A.J. Garratt-Reed and G.J. Yurek,
hand, Ramanarayanan and coworkers

1
,
3 

hold a different J. Electrochem. Soc., 135, 50g (1988)
view; according to them, yttrium dopes into the
chromia scale and decreases the population of 3. T.A. Ramanarayanan, R. Ay-, R. Petkovic-Luton
chromium interstitials both in the lattice and grain and D.P. Leta, To appear in Oxid. Metais. 1988
boundary regions of the chromia scale, thereby
suppressing chromium transport. It would be 4. J. Stringer, B.A. Wilcox and R.I. Jaffee Oxid.
interesting to look into the effects of other rare Metals, 5, 11 (1972)
earth elements on chromia scale growth rate in the
context of the above two mechanisms.

In the present work Ce, which is known to
have a variable valence, has been selected as the
rare earth metal addition. Cerium was ion implanted
on Ni-30 Cr alloys at a concentration level of
101

6
/cm

2
. Most of the Ce is concentrated within the

first 250 A or so. The samples were oxidized in the
800 to ]110OC temperature range at relatively low
oxygen partial pressures fixed by C02/CO ratios of 4,
I and 0.25 to generate predominantly chromiun oxide
scales. In general, the oxidation kinetics followed
parabolic beha'ior. The kinetic curves for the
Ce-implanted and the unimplanted samples at 050C
using a 50 C02/50 CO gas mixture are compared in
Fig.l. The kinetics are seen to be much slower in
the Ce-implanted case. Similar observations were
made at other temperatures.

The kinetic data for the various
temperatures investigated are summarized in Fig. 2 in
the form of parabolic rate constant vs. reciprocal
temperature. The lower line corresponds to the
Ce-implanted samples. The data should be treated as
preliminary; more investigations are underway,
covering more temperatures. The data points
correspond to kinetic measurements using 50 CO/50 CO2
and 80 C0/20 CO2 gas mixtures. The upper line is the
earlier data on the oxidation kinetics for Ni-30 Cr
alloys in 80 CO/ 20 C02 gas mixtures. The parabolic
rate constant values for chromium oxide growth on the
Ce-implanted samples are seen to be a factor of 10 to
15 lower.

In earlier research
1
-
4 

on Ni-base alloys
containing yttrium oxide dispersoids, it was shown
that yttrium incorporation into the chromium oxide
scale had the effect of decreasing the chromium
transport rate in the oxide scale so that oxygen
becomes the predominant transporting species in the
oxide scale. A similar effect seems to be occurring
in thc case of chromium oxide scales formed on
Ce-implanted Ni-Cr alloys. This effect can be
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Abstract ho. 533
A MODEL FOR STRESS RELIEF IN age stresses, whereas a more detailed analysis snows

that a stress gradient will exist, especially in the metal
OXIDE/METAL The nature of the (elastic) stress gradient in an oxide-

SYSTEMS DURING COOLING metal system has been modelled by Gerberich and Lii 2

JOHN J. BARNES. JOHN G. GOEDJEN and using a finite element method.
The Gerberich and Lii model was used in the present

DAVID A. SHORES work to replace an average stress in the metal with a dis-

Minnesota Corrosion Research Center tributed stress. This provides a more realistic assessment

University of Minnesota of the stresses near the metal/oxide interface. It was
Minneapolis, Minnesota 55455 found that the local stress at the interface was abcL.t 9

times the average stress and t,-,'t the stress at 10% of the
substrate thickness was about 3 7 times the average

Good high temperature alloys protect themselves Since creep at or near the nxide-meta, interface will be
against oxidation by forming compact, adherent oxide most :mpoitaiit in the relaxation process, and since the

scales, but the mechanical integrity of the oxide may be creep rate is strongly dependent on the stress, this modlf-
threatened by the stresses generated by oxide growth and cation is quite significant
during temperature excursions. Temperature changes In the second element of the modelling process. the

generate stresses because the oxide and alloy invariably relaxation uf the thermal stress is calculated using un-
have different thermal expansivities. Thermally induced axial creep data from the literature for the metal at the re.-

stresses will be superimposed on any growth-induced evant temperature and stress The creep rate is governed
stresses, and the net stress may be sufficient to cause by the following equations relating to power law creep
cracking and spalling of the scale. Some alloys have and grain binundary diffusion creep, respectvey.
good isothermal oxidation resistance but suffer fast
degradation owing to scale cracking and spalling during
thermal cycling. dE /dt =A exp..

Stresses, induced thermally or otherwise, may be re- x IT}E,
lieved in several ways, including cracking of the scale and
creep of the metal or oxide. It is well known that some 42 a 12 Dell
metals creep under oxidation-induced stress. Stress relief dE /dt = kTd

2

by creep of the oxide is much less likely because the
creep rates of oxides (considering the few data which are
available) are generally much lower than the creep rates dE /dt is the strain rate in sec

-1  
A.n and 12 are constants

of the corresponding metal substrates at typical oxidation 5 is the stress in Ma 0, s the activation energy for at
exposure temperatures.

In this paper we describe a simple model which con- lice diffusion, and the remaining symbois have their usua

siders the relief of thermally induced stresses by creep for meanings. Values of these parameters for the materia!s of

Cr, Ni-30Cr and MA-754, all of which form Cr 20 3 scales, interest were obtained primarily from Frost and Ashby 3

(For the temperatures and materials of interest here, creep To assess the extent of stress relaxation which may

of the oxide scale was considered, but was found to be occur during cooling the time.temperature curve was
trivial.) divided into 0.05 C temperature increments and. at eacn

increment, strain generation due to the .%T and strain
DESCRIPTION OF THE MODEL relaxation due to creep was calculated. The net stran

The model is comprised of two elements. The first is a was accumulated and converted to stress via Hooke s
calculation of the stress generated in the substrate and in Law. The calculations were carried out with the help of a
the oxide during temperature changes. The average microcomputer program
stresses may be calculated from a simple function of the
thermal expansion difference between the oxide and RESULTS
metal. The average stress in the oxide, oxand the aver- The model was used to predict the behavor of Cr

Cr203, Ni-30Cr/ Cr 20 3 and MA-754:" Cr20 3 systems T'-e
age stress in the metal, mm, are, as proposed by Tien and three substrates are typical chromia-formers during hig"
Davidsor. 1: temperature oxidation, but they have somewhat dtlerert

mechanical properties i .Sit for Cr is much less thar that
Eox Ar. AT 1 for Ni-30Cr or MA 754-s (composition Ni- 20%Cr- 0 6%

E= - x F 1- '" 203 - 0.5%Ti- 0 3%AI- 0.05%C ): the Young's modIUs
1 +Em " tn varies as E(Cr 20 3 )> E(Cr) vEN-30Cr) E(MA754 ' T',e

creep rates of chromium and N,-30Cr are quite sin- a
whereas MA 754i5 has a much lower creep rate ,r tne

Em A AT power law region
Em tm t-p The predicted relaxation effect in the Ni-30Cr Cr,-C,,
1 ox" tx system during continuous cooling from 1273K is shown

Fig. 1, which presumes the residual growth stress at t-e
where Eox and Em are the Young's modulus of the oxide start of cooling is zero At a relatively slow coohng ale
and metal, respectively. The thermal expansion differ- (corresponding to furnace cooling) the Oxide tner-ia

nemetal and oxide is Arx (t - stress, which is compressive, is relaxed considerab v
ence between the during cooling from 1273 to 320K by creep of thie sOb.
AT = Tmitial - Tfinal . and tox andtm are the thicknesses strate. On the other hand, relaxation at fast cooKimg rates

of oxide and metal, respectively. The Poisson's ratio, p, is may be largely or completely suppressed
assumed equal to 1/3 for oxide and metal. Calculations o- the three metals for a gwen (slow'

These expressions obey the condition for mechanical cooling rate illustrate the importance of thermal expa'lsio

equilibrium in a body, i.e. the sum of the forces acting on it coefficient difference. moduh and creep rate The stresses
must be zer, However, the calculated stresses are aver- during cooling are shown in Fig 2 The 0fference ,' \it



between Cr and the nickel-base alloys is reflected in the Ni 130 Cr
magnitude of the compressive stresses generated during 0
cooling The stresses are lower in the Cr/ Cr 20 3 system

and consequently the extent of relaxation is also less ( Cr
and Ni-Cr have similar stress and temperature -icoo 

dependences for creep). The Ni-30Cr/ Cr 20 3 system rapo c -

generates the most stress of the three during cooling be- qcio-iorI

cause of the larger Aa (also ENiCr > EMA 7541,). -,poc~"
MA 7541'1 is a highly creep-res;, ... :'., and exh'bits
little or no relaxation at the stresses generated by these -3 :o
cooling curves.

0
DISCUSSION 400 T(K

The magnitude of the stresses generated during cool-
ing suggests that creep in the substrate is likely in many E :
systems. Our calculations show that, under certain con-
ditions, substantial relaxation of the stress in the oxide will 1273 973 773 573 373 173

be likely. Several factors are important. Firstly, large T(K)
thermal stresses are primarily the result of large differ- Fig. 1 Calculated stresses in the oxide scale for Ni-
ences in thermal expansion coefficients of the oxide scale 30Cr/Cr 2O3 during cooling at various rates from
and the metal. Since am is generally greater than "ox 1273K, showing the effect of substrate creep

the sign of the stress is dependent on the sign of AT. (based on oM at the metal/scale interface; ratio of
Typically, upon cooling, a compressive stress is gener- metal-to-oxide thickness = 100).
ated in the oxide and a tensile stress in the metal. This is Creep Relaxation
an important consideration since the tensile fracture 0 repRa ti
strength of oxides is much less than their compressive
fracture strength. Secondly, the ratio of metal thickness to

oxide thickness (R) and material properties (E0 , and Em) 4o0o
also affects the magnitude and distribution of stresses.

Thirdly, stresses increase as AT (cooling) increases, but

stress relaxation de.reases as rate of cooling increases ,

because creep is a time dependent process. 1W
The creep rate of the metal is a strong function of stress Temperat e P~of C MA 750

and temperature. Thus, the stresses in an oxide - metal
system, which are undergoing relaxation on cooling, are a Cr oi
complicated function of both the absolute temperature and
the rate of change of temperature. Thus, for comparable

\ 's and equal fracture strengths of the scales, the 4o-

material having the slowest creep rate, eg. MA 754
T .

,

would be expected to be more prone to fracture during Tmeh1,0
temperature changes than the same oxide on a more "500023 -- . I ;

plastic substrate. -8 3 6 3 ,7 21-
T (K)
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Abstract No. 534

Role of Oxygen Supply in High Temperature Therefore, the oxidation rate, dno,,dt, is
Growing of Compact Oxide Scale given by the equation:

D. Gozzi, M. Tomellini , G. Carnevale, P.L. dn idt = J /4F) - -,4FVp (RI dE t,d
Cignini

+  
and L. Petrucci ex -4FE.RT) '3'

Dipartimento di Chimica, Universita' "La where the all the right term quantities are
Sapienza" experimentally determined.

In the case of copper oxldation, we applied
P.le Ald Morn 5-00185 Roma, ITALY a current density to the oxygen pump

according to the inequality:

In a research program on the study of high J < J t) 14:
temperature oxidation of metals at very low
oxygen partial pressures (1-5), it was where J (t) is the calculated oxygen deman
investigated the role of the oxygen supply as give by Wagner's theory (6-8j. Te
at the metal surface in such a way as to inequality is satisfied for al1 times
change the rate limiting step of the shorter than the experimental length. At
oxidation process. 113 K nd IC mA c~rreponding to j U
An experimental apparatus based on the l.3xiO molesc . s , thn scale ficir. ess
coupling of two zirronia electrolyte cells is linear with time as follow:
was used to do this. Two close one end and
flat yttria stabilized zirconia tubes were xCm) C h l t(s,
assembled concentrically in such a way as a
small allumina microchambe were housed In these experimental conditions cf p C_
between the close ends. Sample under study and 7 Jw t) is about ten times larger b-ar
was located inside the microchamber between J . Cue to Ihis, the rate Iimi ton step of
the outermost and innermost flat ends of the te oxidat Snorocess cannot be chc
electrolyte tubes. Both the electrolyte transport in the growing sca e but tre
tubes was with 8 mass per cent of yttria oxygen supply at sample surface.
stabilizing zirconia. Electrodes of both the In the l gh of these findings, it 'I be
cell were made of porous platinum according discussed the role of the rate '''i -4 s te,
to the standard p.ocedure. The outermost as possible modify7nq parameter in t e s(a'e
tube acted as an oxygen pump which morphology and adhesion to te oetal
transferred oxygen onto the microchamber substrate.
when an electric current was applied to the
eiectrodes mal ing positive the
nicrochamber-side electrode. The system was Wrr carried out unde,- contact P 0.7- 7
initially filled sits high purified argon of the Progetto Finalizzatc Energet'ca (of
with R oxygen partial pressure less than the National Research Counc' i NR
i1 10 Pa. The outer atmosphere of the
oxygen pump was oxygen at 101.325 kPa. The
innermost tube worked as oxynen sensor with REFERENCES
pure oxygen as reference oxygen pressure,
p .

Te reaction rate, J , was derived through 1 0. Conzz', M. Toie 7 P.L I i r. a 2
a mass balance betweaA the generated L. Petrucci, j. E 5e che . S, 134.
electrochemical oxygen, J I and rate of 728, ,987
change of the oxygen partial pressure, 2 M. Tomel 111 Di G,, , 'in c n0
P in the mitrochamber, as fui lows: I. Dava i , j.C Faraday Trat , 83.

?89, 1%?)
dp O 'dt RT/V (J nSe1 - j3 5si ::, 3 D. Sozzi , P L I arInI , I arIen a r ax,

M. Tomel i - A S in) 5tare
where V S S are, respecti Pl y, the lectr(,incmlca 'ec nq e I te
, oIuin l, f I mb rochamber, the area of the of Hiqr Tempera to, MatI a C-O u n
electrode surface and area of the sample Interaction - Fift r nter :arj '
surfare. lonfere nce H H .-Tem r,-ature ir rj

Ir a constant current experiment, I is Enerqg - RPlar : ,I MI a o a M
constant according to the Faraday.I 25-29. qR
Suppos ing the ion)c transport numbe r I I tohe 4 C. D ( i , ,. P I n 8" e
p mp electrol/te independent of the rxyen Petruc I and M T,

o a r t ia ! po r s s r . T p le f t s i d e rm i xn e m e a tied I r e H iq , T, ,n e . ), .
eduatI ,n 1 was measured by thI em. ., f, t 0. GuZz I, M ome , n , r an , 1 ,
the nygIn sensor: . Petr(, c I n Adiare 1n L eIm

pre's
d p G dt - rF P,/RT dEdt exp, -4 E/RT 6 C. Wagner, m P y ' 0 B21,r,
'0, 1i33 ,

1 A T Frrnns d , e
0 x ,d at , 'n Dee,n - ., Ir , , ', I i ,t

Solid. Se, e , ' A " I " , R (, e

''''aa, lm-ea, , ll i d a P. o I "nv

'ItI ,'od. I'v Is alIe A 1te M I
Se';Pratte, Sfi-C, ">' 0 artr'e'l 

1
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Abstr-ct N-. 535

TRANSITION-METAL SILICIDE/ third and fourth components in binary intermetallic
REFRACTORY CERAMIC INTERACTIONS compounds and ignore ternary and quaternary phases.

The diagrams are usually sufficiently accurate to
P. J. Meschter, R. J. Lederich, and J. E. O'Neal indicate which silicidelrefractory ceramic combina-

tions are not stable.
McDonnell Douglas Research Laboratories

P. 0. Box 516 The Ti-Si-C, Ti-SI-B, Mo-SI-C, and Mo-Si-B phase
St. Louis, MO 63166 diagrams have been calculated at 1000, 1300, and

1600C using coupled thermodynamic and phase diagram
data compiled by Kaufman et al. (2] and Murray (3).

Croup IVA, VA, and VIA transition-metal silicides Comparison of the calculated and measured (4] Ti-Si-C
are attractive high-temperature materials owing to phase diagrams (Figures 2a, 2b) shows modest agreement
their low densities and high melting or transition owing to C solubility in Ti5 Si3 and the existence of a
temperatures relative to those of other candidate ternary compound. However, both diagrams show that
intermetallic compounds (Figure 1). The silicides Ti5Si3 and SIC are thermodynamically incompatible
labeled in Figure 1 were selected for further assess- owing to the high stability of "TIC". Calculated and
ment according to their crystal structures, oxidation experimental [51 Mo-Si-C diagrams (Figures 3a, 3b) are
resistances, high-temperature mechanical properties, similar except for the presence of a ternary compound
and thermal expansion compatibilities with refractory Mo5Si3C. The compounds MoSi 2 and SiC are in thermo-
compounds such as SiC, B, A1203 , and TiB2 . The com- dynamic equilibrium in both diagrams. The calculated
pounds T15Si3 , Zr3Si2 , Zr5Si4 , and MoSi 2 were selected Mo-Si-C diagram at 1600C shows that formation of a
for research on thermodynamic compatibility with Si-rich liquid at the MoSi2ISiC interface can be
refractory ceramic m-erials at I000-1600

5
C based on avoided by keepin6 the MoS12 slightly Mo-rich. Calcu-

this assessment. The compound Ti5 i 3 is especially lation of the Ti-Si-B and Mo-Si-B diagrams, for which
interesting owing to its low density (4.36 gocm-3), no experimental evidence exists, shows that the pairs
while MoSi 2 is oxidation-resistant and exhibits Ti5 SI3fB and MoSi2 /B are unstable owing to the thermc-
appreciable plastic flow above 925°C [1). dynamic stabilities of the corresponding transition-

metal borldes, although Ti5 Si3 and TiB2 may be compat-
Evaluation of silicide/refractory ceramic thermo- ible. These calculations have been extended to

dynamic compatibility requires knowledge of the rele- include Zr3Si2 and Zr5 Si4 as the silicides and A1203
vant ternary and quaternary phase diagrams, e.g., Ti- as the refractory ceramic.
Si-C, Ti-Si-B, Ti-Si-Al-O, etc., over the temperature
range of interest. Since most of these diagrams have The interactions of Ti5 Si3 and MoSi 2 with B, SiC,
not been determined experimentally, compatibility pre- and A1203 fibers have been investigated experimental-
dictions have been made using multicomponent phase ly. Bundles of the fibers were packed with silicide
diagrams calculated from coupled phase diagram and powders in Nb alloy tubes and hot isostatically
thermodynamic information for the bounding binary pressed at 1600C. The combinations Ti5 Si3/B,
systems. These diagrams assume no solubilities of the MoSi 2/B, and Ti5 Si3/SiC reacted strongly, while

MoSi 2(SiC, MoSi2(Al 20 3 , and Ti5Si3/A1203 were rela-
tively stable, in accord with calculations. The

3200 , , , , combinations which were stable after hot isostatic
p p :Sicompounds * pressing were annealed at 1200C for times up to

3000 .' Nio Be compounds * 500 h. Interaction-zone thicknesses were measured as

0 OAlcompounds a function of time, and the compositions of reaction
2800 o Re compounds • products were determined using energy-dispersive x-ray

.0 Od:er * S analysis and scanning Auger microscopy. PossibleE l Nb S~i0 Others

_E 26001 ; C kinetic mechanisms and rate-limiting steps of the
Nb S silicide/refractory ceramic interactions have been

246 ' Zs iidentified. The study has bee extended to Ild
401.0,z~ the Zr silicides, end TiB2 as a refractory ceramic.~ r3 Si\ 5t,

B 2200 o This research was supported by the McDonnellTire ZrSL e:
. T .20( 0 Douglas Corp. Independent Research and Development

20W M* 1873K K0.8(Tprogram.
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Investigation of the Reactions Between Titanium Alloys References
end Ceramic Reinforcements at Elevated Temperatures*

1. W. J. Whatley and P. E. Wawner, J. Mater. Sci.
B. London, P. J. Meschter, and S. M. L. Sastry Lett., 4, 173, (1985).

2. P. Martineau, M. Lahaye, R. Pailler, R. Naslain,

McDonnell Douglas Research Laboratories M. Souzi, and F. Cruege, J. Mater. Sci., 19, 2731,
P. 0. Box 516, St. Louis, MO 63166 (1984).

3. P. Martineau, R. Pailler, M. Lahaye, R. Naslain,
Future high-temperature titanium alloys will J. Mater. Sci., 19, 2749, (1984).

probably derive their elevated-temperature strength 4. M. Kh. Shorshorov, V. N. Metcheryakov, V. I.
from ceramic reinforcements. Extensive reaction Zhaminova, V. I. Bakarinova, and I. A. Popov,
between the titanium alloys and the ceramics can sig- Powder Metall. Inter., 14(1), 41, (1982).
nificantly degrade the mechanical properties of the
ensemble; therefore, it is important to investigate
the characteristics of these reactions.

The titanium alloys used in this study were
rapidly solidified powders of a-Ti, a2-Ti, 7-Ti, and 40
p-Ti. The ceramic materials were carbon-coated SiC cc-Ti/SiC
filaments and uncoated B filaments grown on tungsten
wires. Small test samples were fabricated by encap-
sulating the titanium alloy powders with the SiC or B
filaments in 6.35-nmn-diameter titanium tubes and coo- 30

pacting by hot isostatic pressing (HIPing) to full
density. Three-millimeter-thick disks were then cut
from the HIPed tubes, encapsulated in vacuum in quartz "
ampoules, and annealed at 900, 1000, and 1100

5
C for V

20, 60, 100, 200, and 300 hours. The extent and mor- 20

phology of the reaction zones were investigated by 1 O0
0
C

optical microscopy and scanning electron microscopy
(SEM). The compositions of these zones were deter-
mined by energy dispersive x-ray (EDX) analysis and
scanning Auger microscopy (SAM). Calculations of the /10 9IJC
thermodynamically stable phases in the Ti-Al-B and Ti- 0
Al-Si-C systems were performed to explain the observed
results.

Reaction-zone growth in the SiC- and B-containing 0
materials was diffusion-controlled. Zone thickness
increased linearly with the square root of exposure 40
time at a given temperature [1-4). Representative re- c-Ti/B
sults are shown in Fig. 1. Alpha-Ti showed the great-
est reaction with SiC, while Ti3Al and p-Ti showed the
least. The reaction zone compositions were primarily
TiC, along with Ti5 Si3 , possibly Ti3SiC2 [3), and an 30
as yet undetermined titanium-aluminum-carbide. With
the 8-containing specimens, a-Ti reacted the most and
TiAl the least. The reaction zones were probably TiB2
or TiB. These reactions were overshadowed by dissolu- 20
tion of the B material. Calculations of the Ti-Al-B 20
phase diagram at 1000*C revealed the presence of an
Al-rich liquid phase which may account for the ob-
served dissolution. Activation energies for the r
reactions in the SiC- and B-containing materials were

also determined and compared to similar studies (1-3). o 900oC

0 5 10 15 20

(Exposure time)1/ (h)
I
n

Fig. I Increase in the reaction zone thickness with the
square root of exposure time at 900"C,

*This research was conducted under the McDonnell |00"*C, and IlO0C for ot-Ti containing SiC
Douglas Independent Research and Development program. and B reinforcements.
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COMPATIBILITY OF SEVERAL REINFORCEMENT
MATERIALS WITH NiAl expansion of only a few match closely with

that of NiAl thus severely restricting the
Ajay K. Misra choice of potential reinforcement materials.

NASA - Lewis Research Center
21000 Brookpark Road REFERENCES
Cleveland, OH 44135

1. A. Steiner and K. L. Komarek,
Trans. TNS-AIME, 230, 786 (1964)

Continuous fiber-reinforced 
intermetallic

matrix composites are being consideied s TABLE I
potential high temperature materials. For Reinforcement Materials
applications requiring temperatures in the Compatible with ' NiAl
range of 1350 - 1650 K, systems based on 5'
phase NiAl appear to be attractive. One of Carbides Oxides Borides Nitrides
the prime requirements in the selection of
a suitable fiber-reinforcement material is HfC MgO HfB 2  HfN
that the fiber must be chemically compatible ZrC Y203  ZrB 2  ZrN
with the matrix. This paper describes the TiC Sc203  TiB 2  TiN
results of thermodynamic calculations on the TaC La203  VB2  AIN
compatibility of several reinforcement NbC Hf02  V2B 3
materials in the D' phase NiAl with Al Ta2C CaO TiB
concentrations ranging from 40 to 50 a/o. VC BeO
All the thermodynamic calculations were made Nb2C CaZrO 3
at two temperatures, 1373 and 1573 K. The A14C3  Al203
reiforcement materials considered in this CaO.AI203
study include carbides, nitrides, borides,
oxides, silicides, and Be-rich intermetallic
compounds. Altogether, 15 carbides, 18
oxides, 13 borides, 10 nitrides, 22
silicides, and 5 Be-rich intermetallic
compounds were exmined for compatibility
with NiAl.

The compatibility of reinforcemrnt materials
with the NiAl matrix depends on the
activities of Ni and Al in the NiAl phase.
The aluminium activity data in NiAl phase,
determined by Steiner and Komarek (ref. 1)
at temperatures around 1273 K, show large
degree of experimental scatter. Steiner and
Komarek's data on Al activity were optimized
and analyzed in accordance with the defect
structure of NiAl. Based on the defect model
for NiAl and partial moalar enthalpy data
for Al, mathematical expressions were
derived for the activity of Al as a function
of composition and temperature. The activity
of Ni was obtained by Gibbs-Duhem
integration. The activities of Ni and Al
change by more than an order of magnitude
over the concentration range 48 - 52 a/o Al,
which makes the compatibility of a few
reinforcement materials very sensitive to
small change in composition in the vicinity
of 50 a/o Al. Several examples will be given
to demonstrate this.

A list of reinforcement materials that
appear to be compatible with the NiAl phase
with concentrations ranging from 40 - 50
a/o Al is shown in Table r. There are also
a few oxides and silicides (not shown in
Table I) which might be compatible if
limited dissolution/reaction of the
reinforcement material would not affect the
overall performance of the composite.
Indeed, limited reaction may be desirable
for effective bonding between the matrix
and the fiber. Among the reinforcement
materials that appear to be compatible with
the NiAl phase, the coefficient of thermal
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Chemical Interactions of SiC with Ti-Al and Nb-A References

Alloys

1. P.M. Brindley, SiC Reinforced Aluminide Composites in
High Temperature Ordered Intermetallic Alloy 11, MRS,J.-M. Yang, Department of Materials Science and Engineering, UCLA 1986.

Los Angeles, CA 90024-1595 2. J.-M. Yang, W.H. Kao and C.T. Liu, Recent Development
in Nickel A!uminide Matrix Composites in Interfacial
Phenomena in Composites: Processing, Characteriza.K.T. Chian?, R&D Division, Lockheed Missiles & Space Co., Palo tion and Mechanical Properties, 1988.

Alto, CA 94304 3. B. Moore, A. Bose, R.M. German and N.S. Stoloff, Prel-
iminary Investigations on Alumina Fiber Reinforced
Ni3AI Matrix Composites, in High Temperature/High

Intermetallic alloy matrix composites are under intensive Performance Composites, MRS, 1988.

development for various high-temperature applications. Particu- 4. D.L. Anton, High Temperature Intermetallic Composites:

Why? How? And How Much?, in Highlar interest has been focused on nickel, titanium and niobium Temperature/High Performance Composites, MSR,
1988.

aluminides as mt.ttrix materials for fiber- and particulate-

reinforced composites. The aluminides h.,ve high strength and

stiffness retention at elevated temperature combined with excel-

lent oxidation resistance. They also have higher ductility than

ceramics, higher melting points and lower densities than superal-

loys. The incorporation of high strength and stiffness reinforce-

ments can further improve the mechanical properties, creep resis-

tance and reduce the densities of the aluminides. These novel

composites can replace superalloys with superior performance.

However, the excessive chemical interaction between reinforce-

ment and matrix induced from composite fabrication and high-

temperature service environemnt is one of the majci factors

limiting the successful application of the composites. It is thus

necessary to understand the chemical compatibility of various

reinforcements with the intermetallic alloy matrices. In this

paper, the chemical interactions of SiC with both Ti-Al and Nb-

Al alloys will be discussed. The microstructure and chemical

compositions of the reaction zone have been characterized by

analytical electron microscopy and electron microprobe analysis,

The interace reaction kinetics and its dependence on the tempera.

ture, environment and the structural characteristics of the materi.

als will also be presented. Finally, optimum interface chemistry

and optimum processing conditions, which will produce the best

combination of integrity and compatibility of SiC fibers in Ti-Al

and Nb-Al matrix composites, will also be discussed.
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The Oxidation of Chemically-Vapor-
Deposited Silicon Carbide

Jeffrey W. Fergus and Wayne L. Worrell The first CVD silicon-carbide
Department of Materials science coatings investigated in this study ere

and Engineering stoichiometric ones. An important
University of Pennsylvania variable in the CVD of silicon carbide is
Philadelphia, PA, 19104 stoichiometry. The stoichiometry of the

silicon carbide establishes t e
equilibrium oxygen potential at the

Silicon carbide is an attractive silicon carbide-silica interface, which in
oxidation-resistant coating on carbon, turn affects the oxidation resistance of
because it is chemically compatible with the silica scale. The products of the
carbon and forms a protective silica layer oxidizing reaction are also affected by
in oxidizing atmospheres at high the stoichiometry. For example, carbon-
temperatures. High purity silicon-carbide excess silicon carbide produces a higher
coatings can be applied on carbon carbon-monoxide gas pressure at the
substrates by chemical vapor deposition silicon carbide-silica interface than
(CVD). stoichiometric silicon carbide. Silicon-

Previous investiaLor :f th!e excess silicon carbide oxidizes to form
oxidation behavior of silicon carbide have silica and carbon-monoxide at a much lower
used hot-pressed or sintered oxygen pressure.
polycrysalline silicon carbide and single- To understand the oxidation kinetics
crystal silicon carbide grown by the of silicon-carbide coatings on graphite,
Acheson Process. Additive elements are the oxidation kinetics of CVD silicon
used as sintering aids for hot-pressed or carbide must first be determined. Our CVD
sintered silicon carbide and for the silicon-carbide samples have been prepared
growth of silicon carbide single crystals. by selective oxidation of thL graphite
These previous studies show that the substrate under a CVD silicon-carbide
oxidation rate of silicon carbide coating. The oxidation kinetics of CVD
increases with increasing concentration of silicon-carbide samples have been measured
additive elements due to an increase in using thermogravimetric analysis and
the oxygen transport rate through the interrupted weight-gain experiments at
silica scale. CVD silicon carbide is of temperatures between 1400 C and 1600 C.
higher purity than the silicon carbide The oxidation results are compared with
used in previous studies. Therefore, a results with CVD silicon-carbide coatings
higher purity silica scale should form, on graphite to determine the effect of the
and the oxidation rate of the silicon graphite substrate on the oxidation
carbide should be lower, behavior of the silicon-carbide coating.

This research has been supported by
the Naval Air Development Center in
Warminster, PA.
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ELECTRICAL PROPERTIES OF NOVEL MIXED-CONDUCTING OXIDES Acknowledgements

Wayne L. Worrell and S. S. Liou The authors would like to thank Corning Glass
Department of Materials Science and Engineering Works for supplying the 12 mole percent yttria-

University of Pennsylvania zirconia powder, and the U.S. Department of Energy,
3231 Walnut Street Morgantown Energy Technology Center for their

Philadelphia, PA 19104 financial support. This research was conducted in the
Materials Research Laboratory of the University of
Pennsylvania, ,hich is supported by the U.S. National

Mixed-conducting oxides in which both oxygen-ions Science Foundation.
and electrons are mobile have attractive applications
as electrode, membrane and sensor materials. One
potential application is an oxide electrode in the
solid-oxide fuel -17 Advantages of a mixed-
conducting, oxide electrode over the currently used
electrodes include decreased polarization and
efficiency losses, chemical and mechanical
compatibility with the oxide electrolyte and
elimination of the necessity to fabricate ano maintain
complicated, porous electrode structures.

Past efforts to synthesize mixed-conducting
oxides with acceptable conductivities over useful
ranges of temperature and oxygen pressure have been
unsuccessful. For example, transition-metal (iron,
magnesium, cobalt) oxides have been dissolved in
zirconia-based oxides, but they have very limited
solid solubility. Mixed-conducting zirconia-ceria-
vttria oxide solutions have also been prepared.
Unfortunately, acceptable values for mixed-
conductivity are obtained only at very high
temperatures (1500-170

0
°C0 and are a strong function

of both temperature and oxygen pressure.
The electrical properties and applications of new

mixed-conducting, zirconia-based oxides are summarized
in this lecture. The electrical properties have been
determined using impedance spectroscopy at
temperatures between 400 and 950 C. Knowledge of the
electrical properties is necessary not only for an
understanding of mixed-conduction mechanisms but also
for the quantitative e~aluation of the potential
applications of these oxides.

New ternarv-oxide 'luticx s LLtaining 12 mole
percent yttria and titania with concentrations between
zero and thirty mole percent have been synthesized.
The molar percentage of yttria is kept constant to
maintain a constant concentration of oxygen vacancies.
The variation of the lattice parameter for these
ternary-oxide solutions with titania concentration has
been precisely determined using X-ray diffraction.
The lattice parameter decreases with increasing
titania concentration up tu 15 mole percent and is
constant at higher titania concentrations. The
single-phase, fluorite st-ucture is retained when the
titania concentration is less than 15 mole percent.
and a second phase is present at higher titania
concentrations. The observed decrease in lattice
parameter with increasing titania concentration and
the absence of porosity in the oxide solutions
indicate that titanium cations substitute for
zirconium cations in the fluorite lattice.

The lattice, grain-boundary, and total electrical
conductivities of yttria (12 mole %)-stabilized
zirconia without titania have been determined using
impedance spectroscopy at temperatures between 400 C
and 950 C in air. The excellent agreement with
previous results indicates the high quality of our
polycrystalline samples and the reliability of our
experimental technique. Electrical-conductivity
measurements of zirconia-titania-yttria oxide
solutions indicate that the oxygen-Ion condu-l.ity in
the lattice does not vary significantly with
Incorporation of titania into yttria-stabilized
zirconia. However, the observed increase in grain-
boundary conductivity with increasing ttania
concentration indicates an increase in electronic
conductIvity at the grain-boundaries, presumably due
to thi segregation of Tikr to the grain-boundary
region The electrical conductivity of yttria
(12 mole %)-stabilized zirconla containing one, and
five mole percent rtlanIa is Independent of oxygen
pressure

71;8
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LUMINESCENT MATERIALS Recently BaF 2 
crystals have been proposed as a

scintillator material for the detection of gamma rays

FORM STILL A CHALLENGE [61. These crystals show an emission at 220 n with a

very short decay time, viz. 600 ps. This short time

offers the possibility of a good time resclution. The

emission is due to an intrinsic process, viz. a cross-

G. Blasse over transition: an electron jumps from the F ion (2p

Physics Laboratory, University of Utrecht orbital) to the hole in the Sp orbital of 8a
2
+. This

P.O. Box 80.000, 3508 TA Utrecht, The Netherlands final example shows that new developments in the ap-

plication of luminescent materials and new physical

models have not come to an end.

Luminescent materials have quite a history. References

Nevertheless new materials become available frequently 1. G. Blasse, Mat. Chem. Phys. 16, 201 (1987)

and often form an important break-through El. In this 2. H.S. Kiliaan, G. Blasse et al., Mat. Chem. Phys.

lecture we want to review some of the new luminescent 18, 155 and 351 (1987)

materials which came into focus recently. Their appli- 3. A.J. de Vries, H.S. Kiliaan and G. Blasse, J. Solid

cation is in completely different fields. However, State Chem. 65, 190 (1986); J. Luminescence, in

also their physics is different as we will see. The press

materials of this lecture will be lamp phosphors based 4. A.J. de Vries, W.J.J. Smeets and 0. Blasse, Mat.

on gadolinium compounds, X-ray storage phosphors using Chem. Phys. _8, 81 (1987)

Eu
2
+ as an activator, and scintillator crystals for 5. K. Takahashi, K. Kohda, J. Miyahara, Y. Kanemitsu,

several applications. K. Amitani and S. Shionoya, J. Luminescence 31/32,

Phosphors based on gadol: r4m -ompounds are 266 (1984)

promising materials because they offer oves 3C / ab- 6. P. Schutanus, C.W.E. van Eijck, R.W. Hollander and

sorption and quantum efficiency. The luminescence J. PilJpelink, Nucl. Instrum. Methods, A 238, 564

processes in such luminescent materials consist of (1985)

three steps, viz.:

a. Sensitization. This can be achieved by using the

ions Ce
3 +

, Bi
3+
, Pb2+ or Pr

3+
. Successful sensitiza-

tion requires specific spectral properties which can

be imposed by the host lattice [2].

b. Migration in the Gd
3 + 

sublattice. This process re-

quires a shortest Gd-Gd distance in the lattice of

about 5 A or less [3].

c. Trapping by a suitable activator. The trapping rate

is reasonably well understood and depends on the in-

teraction strength between the Gd
3+ 

ion and the acti-

vator and their energy mismatch [41. It will become

clear that not every ion is suitable as an activator

in gadolinium compounds.

The rates of the several processes will be dis-

cussed. They can be determined by varying the chemical

composition of the luminescent material and by advan-

ced laser spectroscopy.

Excellent X-ray storage phosphors are nowadays

known , the champion being BaFBr:Eu
2 +

. Their perfor-

mance Is based on the presence of electron and hole

traps in the lattice. In case of BaFBr these are

bromin vacancies and Eu
2
+ ions, respectively. The

electron traps can be emptied by laser excitation [5].

The use of 12000 crystals of Bi
4
Ge

3
0

1 2 
at CERN

(Geneva) has drawn attention again to scintillator

crystals. The physics of the luminescence of Bi
4
Ge

3
Ol2

is nowadays known. In contradiction to early propo-

sals, this luminescence is not of the semiconductor

type. Although at first sight surprising, this lumi-

nescence is very similar to that of CaWO
4
. This calls

attention to the relaxation of strongly-coupied ex-

cited states, i.e. to the configurational coordinate

model of broad-band emitters [1]. After many years

considerable progress in this field can now be re-

ported.
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PAIR LUMINESCENCE AS A TECHNIQUE PIN IMPURITY donors (specific results have bees obtained for Note
CHARACTERIZATION Li and Na) have afar lower YAP recombinaticn rate

[about one, order of magnitude for Li (l), and ascout
',C- Tcesr three orders for Na (3)] tham the Netter krown

Division of Metallurgy and Materia31s Scisee "standard" trivalent Group III metal substitutional
Columbia University donors. This thus means that such interstitial donors

New Hork, NY 1022" will effectively act as 'killers". Since literature
evidence shows that interstitial Group I metals are
preseot in lI-VI compounds in general, this i s

Donor- acceptor pir (lAP) luctinesoence is a powerful ecyncted to be a problem for this uncle class of
technique for impurity coraCterizat lot:. I t can be compounds. Toe cbvious way of ciniimicir~g this proler
used to det e roi ne imparity ene r gieas, radii, would be to auoid Group I metals. Howhuer, these are
tranoltictl prohalilities, and thc relative lattice the metals wiha-e generally ssed as deparits, as
positions of tine donor and acceptor. Recent work acceptors on thn cation site, as "activators" . There
(1-A) has used it for em""r!'' characterization of however appear to be t.wo alternate solutions. Oce is
CeSe. Moreover, we hue used> novl approach to to work preferenitia~lly with the group V elements as
extend it ('3) to oh aim relatia- DAP traonsitio aceptors, on the anioni site (lthoilgh I an not aware
probabilities in cases whe~re there, are separate DA fany literature showing that tese lead to letter
hands from two different doniors (or, acceptors). I lu~iesneeice than group I metals)I. The second is to
present paper iscludes a syst"matic review of I icorporate the group I metals preferentially on the
technique and of its vpplic~. 15! o Cmde. Moreover, cation site (ahrthan as I terstitialsl), where
the CnSe. analysis nia- ied te twe important and nove terr, are good indicastions that this would he aided
results, whirR will be emphasic'ed. One relates to by a rapid quench from high temperatures (tnis of
differences in transin ri, ee t r interstitia wines 555u5'eO that the impurities do not --
anid sulati tational donors , incdi axdting that tn" distr'ibate at the operating temperatuore).
i nterst iti 'sat as "Hkillers" .Tne second i s hi
retlative donoar energie and rai caitc be Te second -myhas i zed aspect - of theore" Ca'l
irle1rstood w' thi-he "A rarllwork of effect v" 'nass int"rst - a "~ts to the valdlity of effectire mans
,thary. bear'. In niew of the fact that the energieso n

iterstaia's, I" ec, arnd TI e for Li (i) n '
In US? Itne eee ''h'"n -5 h"qal: d-prt ds ori (), reapec' ic-l y, are quite shallow, one w'ul-4
theb sp a" i s'1 aepar>" in he'Il wrth "p lc ai i' xe,'hstory to apply quite well. Howen"",, "A
nea. rest neighbor e" " t Va'.D- 1,'h ed'' a

0
t

1
'teoy weal S predi at an effect ivc mass energy of -

positiora of impacir~ 'r a',---Ihi, t-i -; ) Mo""ace, all enown substitutional donces
spr~ac in tY eri'ted t at.- n, io yrti th'Ic' "hr. Al, Is anid 7i on tA Zn site, anid P ai~l- !
icc, two,' r 

t
'rg ii ,I cal>d Sh e siteu) ha,, eoe~rgies between 26-29 n"A. W i

iSs i'f 'ro let1 ON.I'a"-i u o'--t pin 'x Lt :,- rgy Sreltionso
pi ,wtine ' gy, l~ffe,i at ur t ,lon of interstitial donors from both,1 the effect iv ,.

ei'~n is ,cgg. r-,1~gioe~n ,-ai il. vl arid from the vaslues of tne suhstitu'.ot'
OtIS'-- is do", 'e, m-r,- d ,4s ohr t he deonors by invokinog various correctionstosm_

-n-ry I sir:1 i- 1 , ircr- I1!;-, e9fectine mass theory (1). In this atempt, we h>iv
ut'- wh' - an, btal';s a ' i.T rr it; eel'"' ,ic tie tsidered (11 aa possile co rrectionis: 11 it clan-r

J Da tead-of l'"w- ' ri Ie'' >e'> is Lt', mumb~ o other (higher) lands (or ex'rena ; l Vi o'l ml ti a

-f av,ill -4 '' vS. a deeresto t ra:itc -de pendent electronic scre'ni1g Vil3 psI arol "e'c,
Vcoi'y with 'e~~,i '~ Te'- l-,a ad hi central-cell effects. It can In addeod 'ha' th.

-eF' ia get:' IlIy -"ud i d in I' "n> of u'r Ia i n lrger radios Oltalnied for a substitutional dono"
' Ire"'ap -- eevp "i'e s-1 seur - ,n uc (Al) as ,osparcd to thosez for the interstitia'

r it'tin'J t y or fr'qaetcy f "no t-ito or tI ar re ala s ,in ,strong o n,"r id cli-t on t o effrect i in 'ran>

d'p'td'oa' Ep:i; s -Ar' ail b '-, 5 siiun'~ nd I theory.
di''s "ust w.-a'tw ,in in t' "nr, of

itforne iot wE 'I cat hi2 oN'e>?;-J tsw 11i 10r Is summary, we hiso confirred that, SAPluincr'

r-gird to 'I'- aprenii' lol xa'ally mp! f' J. it c i. in a powerful tool for ireostigioig semionu-
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Magneto-Luminescence of KZnl-CoF3 ited broad band luminescence extending from 4000 to 7000

N. L. Rowell and D. J. Lockwood cm-'. Samples with similar Co concentrations gave quant-
Division of Physics, National Research Council tatively different emission spectra due to differing levels of Ni

Ottawa, Canada KA OR6 impurities. In the zero field luminescence spectrum, shown
in Fig. 2 for one of the crystals with x = 0.138, the sharp

KZn,-Co.Fs, a cubic perovskite mixed crystal, orig- features generally decrease in intensity with increasing tem-

inally studied for its magnetic properties is now of tech- perature and are essentially invisible above 100 K, while the

nological importance as an infrared laser material. Such overall weight of the intensity shifts to lower frequency. Such

optically pumped lasers with transition metal impurities, a shift is the consequence of the higher population of mul-

e.g. Ni
2
+, Co

2
+, and V

2
" ions, in ionic crystals like MgF2, tiple vibronic states at higher temperatures. Other samples

MgO, KMgF, or KZnFa have proved to be broadly tunable gave similar results. The intensities of the Co
2
" and Ni

2+ -

and produce intense infrared radiation from 1.5 to 2.1 jAm. ion zero-phonon lines were studied as a function of temper-

In crystals doped with Co, the pump source is normally a ature as was the integrated band intensity and luminescence

Nd:YAG laser operated at 1.32 jAm or an Ar laser at 514.5 lifetime. Results for the pump intensity and wavelength de-

nm exciting the emission through the 
4
T,,(

4
F) => 

4
T 2 g(

4
F) pendence are also given.

or the 
4
T, 5 (

4
F) =.> 

4
T,9(

4
P) absorptions, respectively. Elec- The 4.2 K magnetic field dependence of the luminescence

trons in these excited states decay nonradiatively to the low- for x = 0.019 is discussed. Representative unpolarized, kiB
est 

4
T 2 ,('F) levels and from there transitions, largely ra- emission spectra for this sample are shown in Fig. 3. Be-

diative in nature, take place to the ground state levels of tween 0 and 6.2 T the Ni
2 + 

6426 cm
- I 

peak splits into four

'r!gt:F) .,,d . Lh, viifouics of Lhes. he.ls, IL is these vi- lines at 6419.2, 6425.8, 6430.2, and C132.4 cm ' (see Fig.s).
bronics that are responsible for the broad tunability of these Although five peaks are expected based on symmetry argu-
lasers. ments above (see Fig. 1), only four are seen since two are

The experiment involved photoexcitation in the visible nearly degenerate at 6426 cm
-

'. This overlap indicates sim-
part of the spectrum near 500 nm and detecting the emis- ilar g values for the ground and excited states. Evidence for

sion in the infrared near 1.7 Am. The emitted radiation was the splitting of these two lines is seen at 6.9 T. The energy
analysed either to obtain its spectrum by Fourier transform level scheme of Fig. I shows that of the five emission lines
infrared (FT-IR) spectroscopy or to measure its decay time expected two have left circular polarization, two have right

constant. The major components of the spectral apparatus circular polarization and one has linear polarization. The
were an Ar laser source to excite the luminescence, a super- splitting in field of the Co

2 + 
6598 cm

-
' line is complicated

conducting magnet with a variable temperature insert, and by the overlap with the N:
2
' 6596 cm

-
' line. However, the

a FT-IR spectrometer to measure the spectrum of the Iu- magnetic field does confirm the presence of this Ni
2 

line by
minescence. Our apparatus also had a broad band source separating its components from the (B = 0) Co

2
+ emission

behind the sample for measuring the sample absorbance in which normally covers it (see Fig. 3).
the same spectrometer. The results from this study indicate that temperatures

In this study, the relevant single Co
2 + 

ion energy levels below 20 K are needed for optimum KZnF 3 :Co laser opera-

are the Q
+
, li'+, (,)r

+
, and r7- levels in cubic field from tion and that a pump wavelength near 514.5 nm is required.

the 
4
T1, ground term and the -, (,)r+, (2)r+s, and r

+ 
lev- The tuning range of this laser is so broad because the vibron-

els of the 'T 2 g first excited term. The dominant magnetic ics arising from the -5644 cm
-
' line add on to the normal

dipole transition in emission is r+('T 2.) - r+('Ti), as progression of vibronics arising from the fundamental tran-

shown in Fig. 1. In absorption, groups of lines due to mag- sition at -6594 cm-'. This fact has not been commented

netic dipole transitions from the r6
+ 

ground state to the Fe', on by others and the effect is not seen in other ions, such as

('lr+, and (
2
)r+ 'T 2 . levels are observed at 6598, 6603, and Ni

2
'
+

, since their ground states are not split in cubic crystal
6673 cm

-
, respectively at low x values (x - 0.02). These field. Deliberate doping with both Ni and Co should sen-

frequencies are x dependent. For example, the 6598.1 cm
-
' sitize the luminescence, lead to a more efficient stimulated

line for x = 0019 shifts to 6589.6 cm
-

' for x = 0.138. In emission at higher temperatures, and increase the laser tun-

a magnetic field, the site symmetry is reduced to D 4h and ing range. This improvement should occur since the Ni
2

*
the r

+ 
Krammers doublets split into two levels. Hence, four ion vibronics help to fill gaps in the Co

2
" ion emission be-

transitions, two linearly (dashed lines in Fig. 1) and two tween 5800 and 6300 cm -'. The application of a magnetic
circularly (solid lines) polarized, may be observed. For sin- field to this material perturbs the energy level scheme, thus

gle Ni
2
' ions the 3A2g ground term has F

+ 
symmetry and providing additional information about the electronic prop-

the 'T 29 first excited term comprises r3-, F4-, PF
+
, and r

+  
erties. Removing the overlap of the 6596 cm ' Ni

2
' and the

levels in Oh site symmetry. An earlier study found NiS
+  

6598 cm ' Co' lines increases the understanding of the res-

absorption lines at 6421, 6596, 6971, and 7117 cm', which onant transfer process from the Co
2 

to the far less numerous
were attributed to the 1 -- r

+
, P,-, rg, and [4 tran- Ni

2
' ions in the crystals studi.-d here. Althuugh this overlap

sitions, respectively. The effect of a magnetic field on the is less complete for lower Coll ion concentrati( ns, the en-

lowest transition is shown schematically in Fig. 1. The fre- ergy transfer is still efficient indicating that the addition of Ni

quencies of these transitions also shifts with crystal field; broadens the emission/tuning range for all x , 0.15. Further

i.e. the lowest energy transition changes from 6426.3 cm-1 magneto-optical experiments in progress include systematic
at x = 0.019 to 6418.4 cm'1 at x = 0.138. The resos..... studies of other Co

2 
and Ni

2 
' concentrations, temperat ure

transfer between the the Co
2+ 

6598-cm I line and thL ...2 dependences, polarization studies (linear and circular) of the
Nil+ 6596-cm ' line results in a profound 200-1 asymmetry emitted and transinateu tignu, slio st.dirv, , .. of 10< of

between the emission and absorption strengths of the lower individual zero-phonon transitions.

frequency Ni
2 + 

transition.

The emission spectra for the six samples studied exhib-

am ma rll im am a ms mmma~mnmm '- a
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Fig, 1 Fundamental ground to first excited term, single-

ion electronic transitions for Ni
2+ and Co

2 + 
in cubic c.ystal Fig. 3 Low temperature spectra for KZn.9seCO.oIQF3s.i at

field. Transitions have circular (solid lines) or line&r (dashed five B's. Light randomly polarized, propagating . B.

lines) optical polarizations for B > 0.
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0
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Fig. 2 Luminescence spectrum of KZno. 8e2CooAUsF 3 as a 6420
function of temperature.
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Magnetic Field (T)

Fig. 4 Peak frequency dependence on magnetic field for lines
originating from Ni

2
', F , 13 = ) transition.
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ZERO PHONON LINES, PHOTOBURNING OF SPECTRAL ed images' has been demonstrated;
HOLES, OPTICAL DATA STORAGE AND PROCESSING 5.3. Processing of picosecond signals, in
IN IMPURITY DOPED SOLIDS particular, spacial-temporal convolution of

the signals by means of using one signal as
Karl K. Rebane the probe pulse to read the hologram of the

other signal [5,6,11];
Academy of Sciences of the Estonian SSR, 5.4. Recognition of picosecond events - the
200106, Tallinn, 6 Kohu, USSR generalization of the holographic method of

image recognition. If a light signal is de-
1. Very narrow (homogeneous -inewidth li-'cc -' the hologram, which coincides
6o s 1O-2-1O

-
4 cm-') zero phonon line (ZPL) with one of the signals recorded earlier,

of very high peak intensity in low tempera- and if the outcoming light is focussed, then
ture (4 K and below) spectra of absorption a 6-shaped pulse appears at a definite point
and luminescence of molecules embedded as of the local plane;

impurities in single crystal or glassy ma- 5.5. Synthesis of picosecond signals by
trices is subject to tremendous inhomogeneous transforming the incident light pulses in
broadening (Ai 1 - 1000 cm-

1
, i.e. holograms with prefixed spatial-spectral

1026o - 1O6o)7I,1 structure of holes, created by means of
tunable single-mode lasers or other control-

2. Photoburning of spectral holes (PBH) led light sources;
permits to eliminate inhomogeneous broadening 5.6. Playback of events by their fragments
of zero-phonon lines (ZPL) and tc perform through the generrtion of the corresponding

high resolution studies of the impurity vi- phantom events and constructing associative

bronic spectra with the accuracy of 1O-3-1O
-
4 memories [6,9,111.

cm
-
' [2-4]. PBH serves also as an effective

tool to control by means of illumination the 6. The main essential characteristics of

optical characteristics - absorption coeffi- materials needed for the time-and-space do-

cient and index of refraction - of matter main holography are the following: (1) narrow

with high spectral selectivity, and inLnse homogeneous ZPL; (2) large inho-
mogeneous broadening; (3) long phase relaxa-

3. Owing to PBH the large inhomogeneous tion time T2 (actually long T2 is a conse-
broadening of ZPLs (exceeding the homogeneous quence of narrow ZPL); signal and reference
broadening by 3-6 orders of magnitude) turns pulses interfere and build a hologram pro-
out as an useful feature to store and process vided they interact in a given spot of hole
data and images [2,5,61, to memorize fields burning medium no longer than T2; (4) non-
of mechanical strains [7]. zero efficiency of hole burning; (5) long

A rather trivial application is to store lifetimes of the products of hole burninq.
the bits of information via burning sharp
holes at designated frequencies. The storage 1. K.K.Rebane, Impurity Spectra of Solids,
densities up to 10'2-1013 bits per cm

2 
be- Plenum Press, N.Y.-London, 1970

come possible [2,61. 2. L.A.Rebane, A.A.Gorokhovskii, J.V.Kikas,
The frequency domain may also bo used Appl. Phys. B29, 235-250, 1982

as a really new dimension bound via Fourier 3. R.A.Avarmaa, -. K.Rehane, Spectrohimica
transform to the time domain. It leads to Acta, 41A, No 12, 1365-1380, 1985;
space-and-time domain holography of ultra- Uspekhi Fiz. nauk, 1988 (in Russian) to
fast events of pico- and nanosecond duration be published

(6,9]. Theory is presented and a number of 4. K.K.Rebane, A.A.Gorokhovski, J. of Lumi-
experiments (performed mainly with polyste- nescence, 36, 237, 1987
rene activated with octaethylporphin) are 5. K.K.Rebane, L.A.Rebane: "Basic Principles
described, and Methods of Persistent Spectral Hole-

Burninq: Science and Applications, ed.
4. Random orientation of the photoactive W.E.Moerner; Topics in Current Physics,
molecular impurity centres in hole burning Sprinqer-Verlag, 1988, p. 17
glassy matrices provides the possibility to 6. P.M.Saari, R.Kaarli, A.Rebane, J. Opt. Soc.
record also the polarization of the Fourier Aml., B33, 527, 1986
components of the light pulse. It leads to 7. K.K.Re-bane, Proc. Estonian SSR Acad. Sci.
the generalization of the holography into Phys. Math., 34, 441, 1985 (in Russian)
the full meaning of the term "holography" - 8. P.M.Saari, R.K.Kaarli, R.'.Sarapuu,
: "complete recording". Theory is given and R.H.S~najalg, J. Quant. Electr., Special
experiments made showing storage and play- issue on phase conjugation, 1988, to be
back of both spatial and temporal depend- published
encies of the electric vector of the object 9. P.Saari, A.Rebane, Proc. Acad. Sci.
field (signal pulse) [8]. Estonian SSR, Phys. Math., 33, 322, 1984

(in Russian)
5. The following applications of time-and- 10. J.Kikas, R.Kaarli, A.Robane, Opt. Spokt-
space domain holograms in optical data and rosk. 56, 387, 1984
image processing have been performed (6,8,9]. 11.A.Rehane, Opt. Commun. 65, 175, 1988
5.1. Multifrequency parallel recording and
readout of an optical spectral memory. Hole
burning and detection of several thousand
holes (bits) in one absorption band using
picosecond pulses have been demonstrated
110).
5.2. Wave front conjugation and time rever-
sal of the signal by reading the conjugated
wave from the hologram [6,81. Restoration
of clear pictures out from holorammed smear-
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SPECTRAL HOLE BURNING IN AMORPHOUS SOLIDS ratures the TLS are participate in the HLW F
as well as in SD.

A.A. Gorokhovskii and L.A. Rebane* The relation between SHW and HLW as well
as SD broadening were studied also for T j So

Institute of Physics, Academy of Sciences transition of pyrene molecules in an alcohol
of the Estonian SSR, 202400 Tartu, USSR glass.
*Institute of Chemical Physic and Biohvsics,
Academy of Sciences of the Estonian SSR, 4. Optical pumping of the PS matrix vibra-
200105 Tallinn, USSR tional modes have been done in the region of

1.5-2.5 pm by IR irradiation of OEP-PS at
I. Persistent spectral hole-burning (PSHB) 1.5K. A considerable broadening of the holes
is a rapidly growing field of molecular and and decrease of their depth have been observed
solid statr spectroscopy and photochemistry indicating the photninduced spectral diffu-
providing high-resolution spectra and the pos- sion.
sibility of various applications [1,2). By
burning non-saturated holes in the inhomoge- 1. L.A.Rebane, A.A.Gorokhovskii, J.V.Kikas,
neous purely electronic band of impurity mole- Appl. Phys. B29 (1982) 235
cules in crystalline matrices at different 2. K.K.Rebane, L.A.Rebane "Basic Principles
temperatures the homogeneous linewidth (ILK) and Methods of Persistent Spectral Hole-
! and dephasing processes were stadied reveal- Burning", ia: l-0 sistent Spectral iiole-
ing the high sensitivity of - to the density Burning: Science and Applications, ed. by
of low-frequency vibrational states of the W.E.Moerner, Springer-Verlag, 1988, p. 17
matrim [3-']. The peculiarities of PSHB ob- 3. A.A.Gorokhovskii, L.A.Rebane, Opt. Commun.
served for impurities in amorphous matrices 20 (1977) 144
(organic glasses and polymers) (5,6] reflect 4. L.A.Rebane "Relaxation of Electron-Vibra-
specific of amorphous solids in comparison to tional Excitations in Impurity Molecules
crystals. The high density of low-frequency in Solid Matrices" in: Ultrafast Relaxation
states provided by two-level systems (TLS), and Secondary Emission, Proc. Int. Symp.
local character of the states, and the high- UPS-78, Tallinn, 1978, p. 89
entropy soft structure lead to more fast and 5. A.Gorokhovskii, L.A.Reoane, Izv. Akad. Nauk
very low-temperature dephasino processes and SSSR, Ser. Fiz., 44 (1980) 853
possibility of higher spectral hole width (SHW) 6. I.M.Hyes, R.P.Stou--t, G.J.Small, J. Chem.
. additionally broadened by spectral diffu- Phys. 73 (1980) 4129; J. Chem. Phys. 74
sion (SD) (7]. (1981) 4266

Recent data about the low-temperature 7. K.K.Rebane, A.A.Gorokhovskii, J. Luminesc.
(down to 40 mK) broadening of spectral holes 36 (1987) 237; A.A.Gorokhovskii, Izv. Akad.

and corresponding purely electronic lines Nauk SSSR, Ser. Fix., 52 (1988) 636

(PLLs) of resonant fluorescence will be re- 8. R.K.Kaarli, M.L.Rltsep, Abstracts of Sympo-
viewed and the contribution of TLS to the HLW sium on Modern Methods of Laser Spectros-
and" SD will be discussed. copy of Molecules in Low-Temperature Media,

Tallinn, May 19-21, 1987, p. 39
2. The S11W temperature dependence, 3 (T)-co, 9. A.A.Gorokhovskii, V.1.Korrovits, V.V.Pac,
measured for T12-octaethylporphin molecules M.A.Trumral, Pisna JETF, 42 (1985) 249
(GEP) in amorphous polystyrene (PS) is shown To. A.A.Gorokhovskii, V.V.Pal, Opt. Spectrosc.,
in Fig. 1. The lifetime-limited value, Jo = 64 (1988) 969
= (i 

- 
0- 18 Mliz, was obtained from the r- -

sonant fluorescence decay (TI = 17.5 ns). The
experimental data were approximated by the O FP-*Ps:s.'
law T.

-
$ at temperatures from 10 to 3K cross-

inq over to the law T *2 at termperatures
from 3 to 0.2K and to the law T

2
.

6 a
tT<O.1E.

The nonmonotonic behaviour of S11W reveals in- Illil 5
put from the SD broadening. The hole measure- T;0 P<'IN ' I
rent time , shorteninq from Islto 0

- 
sat

1.3K causes a notable decrease of the SHW [7] It= 1 5.
(shown in Fic. 1) . The hoMogeiLous part of
,btaind from the photon echo measurements )8)(
is a]so shown in Fig. 1. The complicated curves III
,f "(T)-'0 were obtained also for OFT' mlecules
in olymethylmeth crylate matrix and m,noaza-

,sprphtin rolccules in PS !9] revealing
th( participation of SD processes in the holes
!orratirrni..

;. A new method of fluoresc( nce i asurement
in risonanc with the purely iierttonic cxci-
tatirin is proposed, which us(' thi hole burnt T2'

,it resonance freipieny in th,' opt ically (yens(e
caity-I as a very narrow t ranisiision i Ite Ii

[ ( j]. Th¢' tiiT' i ratur ( i' l ' (. th( e 
-

r-itn If i ,r, ''i(nc, ItlW wi' c ltained with tMitn'I' d ! r ,El' rsolec s in P 'Y (l'we in I'i,. 1 3

t i ,u,;1'.!;) ,il " - T I 1T K . It dis l,ly.; r- r,
t ,h1 - (T) ibr-ldd ninq law, " '- which I :;

in i :-,! a ,.r,.n with t, i r ,,t,×..' ; t I . .
: , ; .,. dg }!~ l{i .; [. , j, ;a fl ;ij -, ll , . vt il'Il, - 0 { . . "

t ,n w [ th ,, t, - .2 ', ' ii w , t li, -} i l l ,
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FEMTOSECOND LATTICE RELAXATION FOLLOWING ULTRAFAST LiF. This first short transient (about 100 fs) is

EXCITATION OF F2
+ 
CENTER IN LiF: A COHERENT PHONON followed by aperiodic oscillations of very small

DESCRIPTION amplitude. The further neighbours are reached by the
phonon wp at delayed times, depending on the wp group

N. Terzi and G. Consolati velocity and therefore on the wp initial composition
(strength of the different symmetry components).

Dipartimento di Fisica dell'Universita, via Celoria Their oscillations are also damped but always of

16, 20133 MILANO, Italy smaller amplitude than the motion of the n.n.,

Istituto di Fisica, Politecnico di Milano, Piazza according to a 3-dim propagation scheme for the phonon

Leonardo da Vinci 32, 20133 MILANO, Italy. wp.

The relaxation of the ions surrounding a F2
+  REFERENCES

center in LiF is here numerically evaluated, assuming
that a wavepacket of coherent phonons of the whole 1. W.H. Knox, L.F. Mollenauer and R.L. Fork, Proc.

perturbed crystal are generated during the absorption Conf. "Ultrafast Phenomena" held at Snowmass (USA,

of a femtosecond laser pulse. If the wavepacket 1986), unpublished.

evolves linearly, the center n.n. are found to 2. J. Wiesenfeld, L.F. Mollenauer and E.P. Ippen,

perform a very damped motion (however less than the P.R. Lett. 47, 1668 (1981).

experimental one) during the first 100 fs, followed 3. A. Giorgetti and N. Terzi, Solid State Comm. 39,

by very small aperiodic oscillations. 635 (1981) and N. Terzi, J. Lumin. 31/32, 194 (1984).

The short time relaxation process in molecules
and crystals, following excitation with ultrashort
laser pulses, reveals fundamental aspects of the
electron and phonon dynamics and of their coupled
motion. The increasing number of experimental data
allows a comparison of the existing theories.

In the present work we refer to recent
experiments, where a feotosecond pulsed laser is used
to study how ions relax around color centers in
insulating crystals (1,2). In particular, the

transient dynamics of F2v
- 

centre in LiF show that
the n.n. relaxation time is shorter than the period
of any relevant frequency of the host crystal (2).
This seems to disagree with the c.c. model or with
any local phonon model. It could instead corroborate
d recent theory proposing that coherent phmoons of
the whole perturbed crystal are generated during the
very fast excitation process preceeding the
relaxation (3).

Here the coherent phonon theory is tested
through a numerical evaluation of the relaxation
around the center. The center itself is embedded in
a T=O LiF harmonic crystal, here described by the
breathing shell model, locally perturbed by the
impurity. We have adopted the following minimal
model: i) The electronic transition of the center is
induced by absorption of a femtosecond laser pulse;
ii) The electron-phonon interaction (short range and
linear) is deduced from the absorption band shape
parameters, iii) The coherent phonon wavepacket (wp),

generated at t=O by the light absorption, propagates
linearly in the following 10-300 fs; iv) No other
electronic level exists in proximity of the excited
state, so that we can neglect possible intracenter
energy transfer during the relaxation. The time-
dependent position of the ions is identified with
the expectation value of the ionic variables on the
evolving coherent wp at different times. We do not
comment the assumption ii), as it is usually adopted
in dealing with the EP coupling in excited color

centres. The effect of point iv) is under study.
With regard to the point iii), the non linear FP
coupling and the anharmonicity slay certainly an
important role in modifying the wp during the
relaxation process. Howevor, their effect is
probably limited at T=O, un the time scale here
studied, even in the strong FP coupling limit.

Our results can be 'omarized as follows. The
n.n. of the impurity mov towards new relaxed
equilibrium positions if a strongly damped
oscillatory way. However, the ions perform at least
one complete large osciIlatin, a less damped motion
than that of the ions surrtuhding F0e F? centre in
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F.L.N. OF TIE 2 4A 2 TRANSITION OF CSGG:Cr
3 +  

REFERENCES

/i/ S. STRUVE - G. HUBER, Appl. Phys. B36, 195 (1985).

A. Monteil, Cl. Garapon and G. Loulon /2/ PJ:. SELZER - O.S. HA1ILTON - W.M. YEN, Phys. Rev.
Lett. 38, 858 (1978).
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Emission

In the new Cr
3 + 

doped materials suitablefor tmnable 
2

E- 'A 2
lasers, like Gd3Sc2Ga3Ol2(GSGG), Cr

3 + 
is situated in

an intermediate crystal field. In such a case the dou-
blet 

2
E and the quadruplet 

4
T2 are so near that we

can observe at low temperature both the Tine emission

from 
2
E and the band emission from 

4
T2 while the band

alLd 

4
A2 only is seen at room temperature. As already

noticed /I/ the 
2
E emission is constituted by several

lines cue to different cristallographic site induced
by the statistical distribution of the cations Sc

3
+,

Ga
3+

, Gd
3 + 

in neighbour octahedral sites. We report
here a study devoted to a more precise characterization Absorbtion
of these sites by FLN measurements. 'A2 _2

Emission and absorption 
spectra of the 

2
E -

4
A2

transition at T= bK, shown on the figure 1, are

mainly constitued of 4 components. The absorption4
-A2.E is superaosed on the low energy wing of the

absorption band A2 4 4T 2
-

Direct excitation in the 
2
E levels by mean of a

tunable and spectrally narrow laser (fluorescence line 690 692 694 696 698 700
narrowing) allows an investigation of the multisites Wavelength (n )
and a determination of the position of the different

energy levels. The main results can be summarized as Fig. I 6K absorption and emission spectra of the
follows 4A 2 - 2 E transition in GSGG:Cr

+ .

I- The four lines observed in fluorescence corres-
pond to the lower 2E sublevel emission of four diffe-
rent sites.

2- The trigonal splitting of the doublet 
2
E depends

on the site and varies with the crystal field in the
range 16-40 cm-1.

3- The position of the absorption band 4A2 -4 T2 of
the different sites relative to the 

2
E position can be

determined approximately. For a given excitation
wavelength absorption of one site takes place into the
2E levels, while for another site it takes place into
the 

4
T2 (figure 2).

4- The inhomogeneous broadenins are 
different and

of the order of 14 cm-
1
. The wid h of each line is

decreased differently by FLN. The average residual L
width of about 8 cm-7 is very 

much larger than it is

generally fgr materials with stronger crystal field
like ruLy / . Such a feature has Iready been reported
by us for another substitued GGG

S- Fluorescence decays and excitation spectra which 1 t"kiw
are different for each line also show the presence of
four different sites. 690 692 694 696 698 700

All these results indicate different crystal field Wavelength (nrn)

strengths for these four sites.

ACKNOWLEDGEMENT : The authors wish to thank L.. ANDR&Is Fig. 2 6K F.L.N. spectra of the four main lines oft e

(GTE Lab.) who has provided us with this CSGG:Cr
3
+ emission spectrum. Arrows indicate positiormof the

single crystal. laser excitation and lines under them are fluorescent
resonant ones. No-resonant lines (0) at 696.3 nm and
695 nn' come from excitation in 4T2 state. Line label-
led by an X comes from excitation in the upper level of
the splitted 

2
E and relaxation to the lower level.
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Perturbation Methods in Optical Spectroscopy (19 281cm -l ) is electric dipole in character and the higher
excited state is also a singlet. The ground state is assigned

W. Alan Runciman AI symmetry as all the ions have closed shell configurations.
The selection rules for C4V symmetry indicate that At -4 At

Laser Physics Centre, Research School of Physical Sciences and At -4 E are electric dipole (ED) allowed. At --) A2 is
The Australian National University, Canberra, A.C.T. 2601, magnetic dipole (MD) allowed. A 1 -4 B t and At -4 B2

Australia. transitions are forbidden for both ED and MD transitions and
have not been detected.

Although much information can be gained from the
absorption, excitation and fluorescence spectra of luminescent The application of an electric field gives somewhat
materials, additional techniques are usually required to identify similar results to that of an applied stress. When the centres
the nature of the luminescent centres. As an illustrative lack a centre of inversion there is a linear pseudo-Stark effect
example the principal uranium centres in LiF and NaF will be as distinct from the quadratic Stark effect for centres with a
discussed to show the power and limitations of optical centre of symmetry. The principle centres in LiF(U) were
techniques. Electron paramagnetic resonance is a powerful found to lack a centre of inversion symmetry as expected on
tool in the study of luminescent centres, but is not applicable in the U0 5 model (7).
this case as both the ground and fluorescent states are non-
degenerate. When different centres are present in a crystal it is

useful to isolate the fluorescence of each using selective
It has long been known that when a small percentage excitation (8). Dye lasers provide a very convenient source of

of uranium oxide, of the order of 0.01 at. percent, is added to variable wavelength polarized radiation and have been used to
sodium fluoride and melted then the solid when cooled shows study LiF(U) and NaF(U) (9).
a vivid yellow fluorescence under visible or ultraviolet
radiation (1). Similarly lithium fluoride shows a bright green Anisotropic centres in cubic crystals can also be
fluorescence when activated by uranium. Both crystals when studied by the Zeeman effect. However the states of the
cooled with liquid air show well-resolved lines in the uranium ion often have small g-values and show unresolved
fluorescence spectra (2). Zeeman patterns in easily attainable magnetic fields. In such

cases the technique of magnetic circular dichroism (MCD) is
Additional information was obtained from the study of very useful as unresolved patterns show clear MCD signals

microcrystalline samples of NaF(U) at liquid helium (9). The MCD is proportional to the difference between the
temperatures, it being found that some of the emission lines absorptions of right- and left-circularly polarized light when
vanished indicating that they did not originate from the lowest the crystal is in a magnetic field parallel to the light direction.
excited state (3). The fluorescence lines form vibrational Using MCD excited states of E symmetry were found at
series in which 0, 1 or 2 vibrational quanta are coupled to the slightly higher energies than the two lowest excited sinllet
electronic transition. This is unlike the well-known uranyl states for both LiF(U) and NaF(U) (10). A recent theoretical
spectra where long series with up to six quanta are observed, study of the MCD of anisotropic centres in cubic crystals has
By introducing the isotope 180 into the uranium oxide used to shown that the g-values were underestimated by a factor of 2

(I1), and revised energy level diagrams are shown for LiF(U)dope the crystal, several fluorescent lines were shown to have and NaF(U) in Fig. 2 and 3 respectively. The appropriatean isotope shift. This indicates that oxygen ions are part of the representations for the wave-functions of the energy levels are
fluorescent centre. At low uranium concentrations of 0.01 listed and g-values are given for the doubly deenerate
at.percent or less the spectrum is relatively simple, but at E levels. For LiF(U) there is an indication of a evel at
higher concentrations or with impurities present many other
centres are formed. It was suggested that these were due to 24 200cm

tl of unknown symmetry.
octahedral uranate complexes with a variety of charge It should be stressed that the experimental results
compensating ions 3. described only limit the possible atomic models to those of a

Further advances required the use of single crystals certain symmetry, but do not positively identify particular

and fortunately doped crystal boules of dimensions - 2 cm x models for centres. On the basis of a particular model it is
I cm x 1 cm can be grown by the Czochralski or Kyropoulos then possible to make calculations of the electronic structure of
methods in a few hours, a centre and preliminary calculations have been made for the

principal centre in alkali fluorides using a molecular orbital
The use of polarized exciting radiation and the analysis formalism (12).

of the polarietion of the fluorescent radiation allrws the RFFERENCES
symmetry of the centres to be found. The principal centres
found at low uranium concentrations were found to have I. E.L. Nichols and M.K. Slattery, J. Opt. Soc. Amer.,
tetragonal symmetry and the UO5 model was proposed in 12, 449 (1926).
which a U6. ion on a lithium or sodium site is charge 2. M.K. Slattery, J. Opt. Soc. Amer., 19, 175 (1929).compensated by five of the six surrounding fluorine ions being 3. W.A. Runciman, Proc. R. Soc., A237, 39 (1956).

replaced by oxygen ions, Fig. 1 (4). The U05 centre has C4V 4. P.P. Fofilov, Opt. Spectrosc., 7, 493 (1959).
symmetry. There was still some uncertainty about the nature 5. A.A. Kaplyanskii and N.A. Moskvin Opt. Spectrosc..
of the radiation and the multiplicity of the energy levels. 13, 303 (1962).
Definite information was obtained from the piezospectroscopic 6. A.A. Kaplyanskii and N.A. Moskvin, Opt. Spectrosc.,
effect (5). When a uniaxial stress is applied to the crystal at 14, 357 (1963).
liquid nitrogen temperature it is found that some of the 7. O.D. Gavrilov, A.A. Kaplyanskii, V.N. Medvedev and
luminescent lines show well resolved splittings. This is N.A. Moskvin, Opt. Spectrosc., 27, 521 (1969).
expected since luminescent centres oriented along the stress 8. W.A. Runciman and E.Y. Wong. J. Chem. Phys., 71.
direction will have different energy shifts from those oriented 1838 (1979).
at an angle to the stress direction. A detailed theoretical 9. B. Srinivasan, Z. Hasan, N.B. Manson and W.A.
analysis of the various possibilities for different orientations of Runciman.J. Phis C: Solid State Phys., 18. 2381
the crystal and for different types of centres allows (1985).
identification of the centres and energy levels to be made (6). 10. W.A. Runciman. B. Thangavadivel and NB. Manson. J
For instance, it is found that the principal uranium centre in Luminescence, 24/25, 2119 (1981).
LiF is tetragonal and that the resonant fluorescent transition at I I. W.A. Runciman and NB. Manson, J.Phs C Solid
527.8nm( 18 941 cm"1) is magnetic dipole in character, both the State Phyvs., 21, L277 (1988).

ground and lowest excited states being singlets. The 12. W.A. Runciman, B. Snivasan and S. Saco, Ars; I
fluorescence from the higher excited state at 518.5nm Phys , 39, 555 (1986).
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INVESTIGATION OP ZnS:Tm
3 

POWDERS BY EXAFS AND be detected by EXAFS. But if new elaboration condi-

SITE SELECTIVE EXCITATION OF THE LUMINESCENCE. tions allow to incorporate more Tm
3
+ in ZnS, as we

think to be the case in thin films, the EXAFS ana-

J.DEXPERT-GHYS', Y. CHARREIRE
2
, P. ESTEBAN-PUGES

3  
lysis will enable the structural determination of the

L. ALBERT
1
, H.DEXPERT

4  
rare earth crystallographic site.

S.ERO60210/CNRS/lPIA.Briand 92195 MEUDON Cx PRANCE The fluorescence spectra of ZnS:Tm3+(l.2%) at

2.L. Phys. Solides/UPMC/75252 PARIS CX05 FRANCE 77K exhibit a complex structure which has been sepa-
3
.Unitat Inorganica, Universitat de BARCELONA SPAIN rated by site selective excitation into two indivi-

4.LURE/UPS/91406 ORSAY Cx FRANCE dual components. One of these, characterized mainly

by the 20906 cm
1  

lG4-->3H
6  line, has already been

The fluorescence of thulium Tm
3
O in zinc sulfide identified for different dopings in identical powders

matrix has led to a great number of investigations 2) and in ZnS crystals (3,4). As it is observed

due to the high efficiency which is enhibited by this since the earlier stages of the subtitutlon, this fea-

blue phosphor. It has been established that the ture has been attributed to Tm
3
. substituting Zn on

preparation conditions have a drastic influence on undistorted sites. The second spectrum is characteri-

the emission yield as well as on the number and re- zed by wider lines, the main of which peaks at 20726

lative intensities of the different components in the cm
- 

. It presents certain similarities with the so-

fluorescence spectra (1). To characterize these called A center observed in Ref. 3, but is attribu-

relations between the synthesis and the optical table to Tm
3  

in a center proper to our samples.
properties we have thus undertaken the structural stu- Whatever the structural characteristics of this

dies of ZnS:Tm
3 + 

powders, the first one being an site, the lines occur at the same positions than the

EXAFS investigation (Extended X-ray Absorption Fine vibrovic sidebands previously discussed in Ref.2 as

Structure). In the particular case of ZnS:Tm
3 +  

well as in Ref.4. The superposition of several fea-

samples the observation of EXAFS oscillations at the tures in the same wavelength region could well be

L
3 Tm

3 + 
edge proves to he effective only for the the origin of the high apparent Huang-Rhys factor

higher dopant concentrations that is for a sample found experimentally for these compounds.

activated by LiTmS
2  in the initial proportions ZnS: In conclusion, this work is an attempt to use

Tm
3
(l.2%). The EXAFS analysis concludes unambi- both EXAFS and optical absorption/emission experi-

guously to the octurrence of Tm
3
' in the form of the ments to investigate the structural organisation of

oxysulfide (T;,,6)
2
S within the EnS host matrix. This the active centers in OnS Tm3

+ 
powders. EXAFS and

first result has been completed by the measurement of optical absorption conclude consistently to the

the optical properties of the same ZnS: Tmn(.2%) occurrence of thulium oxysulfide as the major thulium-

sample comparatively to (TmO)
2S, which is not fluo- containing phase. On the reverse, there is no indica-

rescent, and to the isomorphous fluorescent (YO)
2
S: tion from the emission data of an "oxysulfide-type"

Tm
3
l%). Contrary to ZnS:T

3
' phosphors which fluorescent cluster in the samples. The actual propor-

exhibit mainly the lGr->3H
6 blue emission under UV tion of optically active Tm

3
* ions in ZnS is then by

excitation, the thulium fluorescence in yttrium oxy- far smaller than the initial 1.2%. The emission %pec-

sulfide is widely dominated by the 1D
2 
--)H

4 
emis- trum of this sample exhibits more or less complex

sion. The G
4 -> 3]H

6  
transition in (YO)2S has then features that have been separated into two individual

been isolated at 77K by dye laser selective excica- spectra. One center has been detected in a large sum-

tion. It appears that no common feature may be evi- ber of ZnS samples and attributed to substitutional

denced in the emission characteristics of the two Tm ions on Zn sites. It may be considered as the "in-

phases. There Is then , "osysulfide-type" fluo- trinsic" Tm center. On the contrary the second spec-

rescent cluster in the ZnS sample. On the contrary trum is directly linked to the elaboration conditions

the diffuse reflectance spectra observed on ZnS:Tm
3 +  

and is clearly an "impurity center".

(1.22) and thulium oxysulfide are identical. The

oxysulfide therefore appears as a second phase embed- (1) Y. CHARREIRE et al. Mat. Re. Bull.15,657)980)

ded in ZeS, resulting cf oxygen traces in the 112S (2) Y. CHARREIRE ct al. .1. Electo. Soc.130,175(1983)

elabration atmosphere. For the powder, we investi- (3);(4) H. ZIMMERMANN et al. Phys. Stat. S hl.i130,

gated, It then come, out that the actual level of 315 (1985); b139.533 (1987)

Tm
3
* doping in the 7nS matrix was nt high enough to (5) R. POYN et al.Phvs. Star. SI. b140,163(l87)

Bl)U
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I-RAY AND E.P.R. STUDIES OF COMPOSITIOAL
DEFECTS I Y OS RED PHOSPHORS

a (.) () c

M.GRACIET and N.RUELLE
THOMSON-CSF Central Research Laboratories

91401 ORSAYFRANCE .59

and J.VAN BARDELEBEN
Paris VII University.
75251 PARIS, FRANCE

Flux synthesis of Y.-O-S:Eu~phosphore Is
well known . However control of the
oxidation of the phosphor is not easy, and
our X-ray studies on oxisulfides have shown 3.78 6.575
that the lattice of YOM.S is modified in - -----

presence of oxide: the c parameter of the pure Y.O, pure Y20.S
lattice increases suddenly (fig. l)(1)

Electron paramagnetic resonance (E.P.R.) FIGURE 1: Y 0 S parameters evolution as a
experlments have been carried out an the function of the percentage of oxide
same samples. The Y OS:Eu spectra in the as prepared phosphor.
present one main paramagnetic effect.

We have studied this defect in a series
of YvO-S powders as a function of
preparation conditions, active doping(Eu-)
and treatments on prepared phosphors. The
E.P.R. spectra were taken depending on
temperature (300K... 4K) and at two
different frequencies (X-band. Q-band).
All samples show the same paramagnetic
defect,the concentration of which varies
with the preparation conditions. From its
hyperfine structure and g tensor (g<2) we
tentatively assign this spectrum with a F
center. This defect is also responsible for
an absorption band in the near UV range,
changing the color from white to light
yellow. On the Eu diped samples no evidence
for the presence of Eu

5
'lons could be

detected. Finally we compared the native
defects in YcOS powder with those in the
Y:1. one: no such paramagnetic defect was
found In Y ~O-

This behavior leads us to conclude the
existence of sulfur anionic vacancies in
the oxisulfide lattlces.

(1) : to be published. 35C.C -.

FIGURE 2: E.PR. spectra of undoped Y-O.S
powders at 93 Ghz ( T= 300K ).
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THE APPLICATION OF TL AND TSC TO THE STUDY OF REFERENCES

DEFECT FORMATION IN ALKALI HALIDES BY UV I. R, T. Williams, Semicond. nsul. 3, 251 (1978).

RADIATION 2. N. Itoh, Semi..nd. !-ul. 5, 165 (1983).
3. B. R. Sever, N. Kristianpoller and F. C. Brown,

N. Kristianpoller and Z. Davidson Phys. Rev. B34, 1257 (1986).
4. N. Kristianpoller, Nucl. Instr. and Methods in Phys. Research,

Raymond and Berverly Sackler Faculty of Exact Sciences BI 229, 198 (1984).

School of Physics and Astronomy 5. N. Itoh, B. S. H. Royce and R. Smoluchowski,

Tel Aviv University, Tel Aviv 69978, Israel Phys. Rev. 137. A 1010 (1965).

It is well known that the primary defects, produced in alkali
halides by ionizing radiation at low temperatures are Frenkel pairs,
consisting of F and H centers [e.g., 1,21. Most of the previous
studies concentrated on the generation of point defects by
polychromatic radiation such as x or It rays. In a recent study the
generation of point defects by monochromatic x and near uv
radiation at 80K 3l was investigated. In the present work the f in e m a cv
formation of point defects by monochromatic vacuum uv (vtrv) /

radiation at about 6K was studied. Methods of ., I

thermoluminescence (TL) and of thermally stimulated conductivity a,""'
(TSC) were applied for these investigations. The relatively high /
sensitivity of these methods enabled us to detect effects of the weak
monochromatic radiation. The uv excitation spectra of the TL and -* so
TSC were measured in the exciton region as well as in the region of
band to band transitions and revealed information on defect
formation, which could not be detected by other means under /
similar excitation conditions.

The experimental techniques applied for these investigations \/ ii

have been described elsewhere [4).
The experimental results show that some glow peaks appear 0 50 0/o 20 250

mainly after uv irradiation with photon energies corresponding to

band-to-band transitions, the excitation spectra of these peaks Fig. 1: TL glow curves excited In KBr at 6K by:
follow inversely the absorption spectra of the crystals. Other glow (a) vuv radiation of 185 im.
peaks appear after irradiation into the exciton region and show (b) vuv of 155 on, (c) x-rays Q.,40Kvp,I5.a)
excitation maxima at the low energy tail of the first exciton
absorption band. In figure I, the TL glow curves, excited in KBr
by vuv radiation are given Curve a -was excited by irradiation
into the first exciton band (185 nm) and curve b -by irradiation in 25

the interband region (155 nm). An x-ray induced TL curve is
given for comparison by curve c. Results show that essentially the ear
same glow peaks and with the same thermal activation energies - Oyod at 11'X l40nssr

appeared after x as after uv irradiation, indicating that the same 0- oftter heatir to 14I K
defects were generated by the different irradiations. 20 - 199<

Measurements of the temperature dependence of the radiation - , 5-K
induced absorption bands showed that the thermal decay of certain - a 32-K
centers coincides with the appearance of the main TL peaks. This - .. 80'X

is shown in figure 2, for KBr. The main absorption bands H1al0osrt5 0'o/9/

appearing at low temperature are due to a, F, I and H centers. It
is known that I and H centers in KBr become mobile at about L 5
20K and 45K, respectively 15). The TL glow peaks appearing in
this temperature region are attributed to the recombination of these
centers with a and F centers. Our results show that the x-induced
glow peaks near 20K are somewhat broader then the uv induced o
peaks in this region and seem to be composed; they also appear at -I
slightly lower temperature. The thermal activation energy,
measured at the rise of the x-induced glow peak was found to be
0.018 ev. This value fits the energy of the first stage of thermal
induced recombination of close Frenkel pairs [51. The energy uso

measured for the uv induced peak near 28K was 0.06 ev; this
value equals the energy required for free motion of Br interstitials. u5
These results indicate, that by the uv radiation only distant
seperated Frenkel pairs are generated, while by u-rays also close
pairs are formed. This conclusion is supported by our finding that

the uv induced peaks are of second oraer Kineti. Similar results
were obtained for the other investigated alkali halide crystals. Some
of the TL glow peaks were also accompanied by :SC peaks; this is 00 300 400 500 600
shown in figure 3 for KCI. Wuaatngvh(nm)

TL emission spectra were measured as well. Some emission
bands are due to casual impurities in the nominally pure samples.
However, the main TL emission bands were found to be identical
with the intrinsic STE emission bands, appearing in the low Fig. 2: Absorption Spectra of x-irradiated KBr at IlK.
temperature photoluminescence of crystals. This finding indicates The curves were recorded at IlII after heating
that the thermally stimulated recombination of the Frenkel pairs to various temperatures and recooling.
leads to the formation of self trapped excitons in an excited state.
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A New Contribution to Spin-Forbidd Rare E Judd-Ofelt analysis predicts relative two-photon line strengths
Optical Transition Intensitsie d1n Rad Ead h rigorously, without phenomenogical parameters

4. Thus the strong
. d Eu -  disagreement between observed intensities and theoretical

predictions based only on linkages such as (1) could therefore not be
M. C. Downer and G. W. Burdick rationalized readily. By contrast, conventional Judd-Ofelt analysis

Physics Department, University of Texas at Austin of one-photon electric dipole transitions requires three
Austin, TX 78712 phenomenological parameters, proportional to radial integrals, in

fitting observed intensities. Such a procedure can easily mask the
D. K. Sardar role of linkages such as (2) through an appropriate choice of

Physics Department, University of Texas at San Antonio parameters. However, the ratio of new contributions (2) to standard
San Antonio, TX 78285 contributions (I) can be calculated without phenomenological

parameters, allowing the importance of these new contributions toThe technological importance of transparent materials containing be evaluated unambiguously. This is true because uncalculated

rare earth impurities continues to expand dramatically. Not only do crystal field ternms V, which are included in the empirically fitted

they comprise an established and widening class of efficient solid cudd-lfeld parameter, act in ically i nas ) d

state laser media, but they are finding new applications as dopants in edd-Ofelt parameters, act identically irnkages (1) and (2).
optical fibers, semiconductor light-emitting devices and biological Furthermore, these new terms can be incorporated into a revised

ludd-Ofelt analysis of observed intensities, with previously reported
molecules. The 4 fN-4fN transitions responsible for the rich variety empirical parameters modified to accommodate new contibutions.
of sharp optical absorption and emission lines in the spectra of these The absorption spectra of Gder and Eu were selected for

materials, though parity-forbidden in free ions, acquire finite

intensities at noncentrosymmetric crystalline or molecular sites, in indepth analysis because the ground state for Gd3+ 
(SS7,2) has L=O

which opposite-parity excited configurations become slightly mixed and for Eu3 + (7F0) has J-0, greatly reducing the number of nonzero
into 4 fN. Twenty-five years ago, Judd1 and Ofelt 2 developed a matrix elements which have to be calculated. Results of our
quantitative theory involving simple configuration mixing caused by calculations are summarized in Tables I and 2. The particular
a static noncentrosymmetric crystal field, which remains the transition and its experimentally measured oscillator strength are
standard method for analysing observed rare earth transition given in the first two columns of each table, while the next columns
intensities3. Nevertheless, significant revisions to this basic theory portray first order magnetic (where present) and second order
have sometimes been required in order to account for anomolous electric dipole contributions, respectively, calculated by Carmall et
transitions which acquire a major fraction of their intensity from al 5 Results of our new calculations are presented in the final
other mechanisms, columns, where the first number is the unmodified magnetic dipole

In this paper we make use of recent findings in two-photon rare contribution (where present), the second is the standard second
earth absorption spectroscopy

4 to introduce and evaluate another order term using revised empirical parameters and the third is our
significant revision in the analysis of one-photon rare earth transition newly calculated third order contribution. Both the original
intensities. Specifically, we re-examine the class of AS = I parameters and our revised parameters are given at the bottom. In
transitions which, although spin-forbidden in the L-S coupling comparing calculated with experimental oscillator strengths in these
limit, comprise more than half the observed trivalent lanthanide Tables, the numbers under each major heading for any particular
optical transitions. Prominent ss7t -- P, 61J, 

61D, 6D G lines in row should be summed, since each column represents an individual
term. The most striking success of this re-analysis is our quantitative

Gd3+ and 7F0 -
5D1, 5LI, 5H-, 5KI lines in Eu3*-rovide examples of account of the previously unexplained 6P3,2 intensity, where the

such transitions. Conventional analyses 5 account for the worst second order fit now becomes the best fit. In the other
observed intensities of such transitions by using initial and final state transitions, the third order contribution is often greator than 20% of
wave functions in the "intermediate coupling" approximation, in the total line strength. Nevertheless, we find that a systematic
which a strong spin-orbit interaction within the 4t'J configuration revision of previously extracted Judd-Ofelt parameters allows us to
mixes states with different total spin S into the true energy accommodate these substantial new contributions without sacrificing
eigenfunctions. Such wave functipns have been accurately the quality of agreement between calculated and observed intensities.
calculated and extensively tabulatedO based on energy level fits It should be emphasized that experimental oscillator strengths for
throughout the trivalent lanthanide series. Thus, for example, the several transitions shown in Table 2 are not available because of
spin-forbidden 

7F0--_5D2 transition in Eu 3" acquires its intensity severe line broadening, crowding of spectral lines and other
through linkages such as: experimental factors which have mad; extraction of reliable

oscillator strengths difficult or impossib e .
( 71 0 1 Hs o 116 SDo)(f6 

5131 E.D I'fd 5D)(fd SDtl VCF Jf6 5D2 ), (1) It is highly likely that third order terms contribute substantially in
other lanthanide ions. It would be particularly interesting to examine

where the spin-orbit operator so links L-S coupled states of lanthanides in which spin-allowed (AS = 0), as well as spin-
forbidden (AS > 1), transitions occur. In these cases new third

differing spin within the 4f0 configuration, and E.D and Vcp order contributions should selectively modify calculated line
denote electric dipole and noncentrosymmetric crystal field strengths of only the spin-forbidden transitions.
operators, respectively, which link 4 6 states to states within
opposite parity excited configurations. REFERENCES

This simple use of intermediate coupled wave functions, 1. B. R. Judd, Phys. Rev. 127, 750 (1962).
however, neglects another type of linkage between initial and final 2. G. S. Ofelt, 1. Chem. Phys. 37, 511 (1962).
states of differing spin, namely one in which the spin-orbit 3. R. D. Peacock, Structure and Bonding 22, 83 (1975).
interaction acts within the slightly admixed excited configurations. 4. M. C. Downer, The Puzzle of Two-Photon Rare Earth Spectra in
An example of one such linkage for 7F0 - 5D2 is Solids, in Laser Seectroscopy of Solids I1, ed. W. M. Yen

(Springer-Verlag, Heidelberg, 1988) to be published; M. C.
5 D2),(2) Downer and A. Bivas, Phys. Rev. B 28, 3677 (1983); B. R.

(f6
1

Fo ED I'd 
1
FI)(d 

7Ft l so Ifd 'Di)(f'd SDIIVCF 1 5 ,(Judd and D. R. Pooler, J. Phys. C 15, 591 (1982); M.
Dagenais, M. C. Downer, R. Neumann, and N. Bloembergen,

where Hso acts within the opposite parity excited configuration f'd Phys. Rev. Let. 46, 561 (1981); C. D. Cordero-Montalvo and
instead of f6. Although Wybourne 7 suggested the possible N. Bloembergen, Phys. Rev. B 30, 438 (1984).
importance of these linkages in 1968, neither Wybourne nor 5. W. T. Camnall, P. R. Fields, and B. G. Wybourne, J. Chem.
subsequent investigators ever introduced them into any quantitative Phys. 42, 3797 (1965); W. T. Camall, P. R. Fields, and K.
intensity analysis. Our motivation for doing so now stems from Raynak, I. Chem. Phys. 49, 4412 (1968).
recent studies of two-photon spin-forbidden transitions in several 6. W. T. Camall, H. Crosswhite, and H. M. Crosswhite, Energy
trivalent rare earth ions . The formal treatment of such two-photon Level Structure and Transition Probabilities of Trivalent
transitions losely parallels that of forced electric dipole one-photon Lanthanides in LaF3 , Argonne National Laboratory Report
transitions , differing only in that a second electric dipole operator (1977).
replaces the noncentrosymmetric crystal field operator. Two-photon 7. B. G. Wyboume, . Chem. Phys. 48, 2596 (1968).
results have established that linkages analogous to (2) frequently 8. 1. D. Axe, Jr., Phys. Rev. 136, A42 (1964).
rival, and sometimes dominate, linkages analogou% io (I). The
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Table 1: Experimental and calculated transition line strengths Table 2: Experimental and calculated transition line strengths
for Gd3 .  

for Eu3+ .

Previous Calc.a Our Calculations Previous Our Calculationsb
Mag. Elec. Mag. Elec. Dipole Experimentala Calc.ab Elec. Dipole

Trnito Eaa J~& Ip& Dp Standar New Trniin Ee-D~le EeD i Sadr New
6P72  73 55 13 55 10 4 5D2  2.1 2.1 5.5 -3.4

6P512  41 31 5 31 4 3 5L6  177 178 219 -42

6P3/2 1.4 (0.2) 0.2 1.2 S(2 - - - (1.9) 5.0 0.3

617, 121 112 142 -29 5G4,5,6 43 56 68 -23

61912,t7f2 845 877 1111 -233 5D4  17 17 19 -2

6111t2,13/2,1512 1914 1918 2431 -514 51 4  --- (23) 26 -0.3

613912  78 93 74 18 51H6 73 80 98 -4
6
D2.7t2,3 2,52  82 8 130 8 103 27 2 - - - (1.6) 4.2 2.0
6G7t2  121 149 113 38 5F

4  - - - (64) 72 34

6G9/2.11,2.5/2  903 765 582 181 514 --- (11) 12 -5

6G,2 --- (18) 14 4 516  --- (27) 33 -9

6G1312 639 459 349 91 5K6  22 19 23 -5

aExperimental and calculated oscillator strengths (P x 101) from aExperimental and calculated oscillator strengths ( P x 108)
Carnall etal.5 .  

from Carall et al.5.
bParameters T2, T4, and T6 have been reduced by a facter of 1.546

Parameters (CumalI et al.) Parameters (this work) corresponding to methods of Camall et al.

T2 = 3.30±0.62 x 10"9 cm T2 = 2.62 x 10-9cm

T4 = 6.06 ± 0.53 x 10-9 cm T4 =4.61 x 10- cm Parameters (Carnal er al.) Parameters (this work)
T6 = 6.10±0.10x 10"9 cm T6 = 7.73 x 10-9 cm T2 = 1.88x 10"9cm T2 =4.93 x 10-9 cm

T 4 = 8.59 x 10-9 cm T4 = 9.61 x 10-9 cm

T6 = 6.96±0.46 x 10-9 cm T6 = 8.56 x 10-9 cm
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cally in Figure I showing a set of identical trapping le-
TIME DEPENDENCE OF vels which ae neutral when "empty" and negatively char-

DELAYED LUMINESCENCE ged when occupied by electrons. The consequence of
Andrew K Jonscher trapping of an electron is a polarisation of the surround-

Royal Holloway and Bedford New College, University of London ing medium through slight adjustment of the occupancy
Egham, Surrey. TW200EX, UK of neighbouring centres, resulting in a lowering of the

The time dependence of of the decay of delayed luminesc- energy by an amount A . The result of this is that the
ence L(t) in solids has received considerable attention energy required to liberate the carrier from the trap is in-
over several decades and there is ample experimental evid- creased by A in comparison with the energy gained in the
ence relating to the behaviour of many materials. There trapping process. The consequence of this constant loss
is a widespread impression that this time dependence of energy per reversal of trapping is analogous to the
should be exponential , presumably deriving from the "universal" frequency-domain response of dielectrics [4],
sm.ple model of non-interacting excited centres. This is the Fourier transform of which into the time domain
clear from the frequent habit of plotting the data semi- gives equation (1).
logarithmically, even though the resulting graphs are The exponent k in this relationship is directly related to
manifestly not straight lines. Some authors do, in fact the energy A. Although there is at present insufficient
plot their data in logL - logt and obtain power-law be- information to develop a more quantitative theory of
haviour of the form these phenomena, the connection with semiconductor

L(t) ac (- (1) trapping processes may provide an important guide to the
where the exponent k is in the range (0,1), at times long most profitable direction of resesarch.
compared with the excitation time, while the exponent
becomes -k at short times. The proposed model is shown in Figure 2 with one or

two trapping levels. External generation rate g(t) pro-
A wide-ranging review of experimental data (1] has estab- duces free electrons which are rapidly trapped .The result-
lished the applicability of eqn (1), in some cases by re- ing dispensation rate of detrapped electrons g(t) on sudden
plotting in log-log representation data given in semi-log removal of a steady generation rate is assumed to follow
form, in all situations in which delayed luminescence is a power law h(t) mae . In the case of finite duration T of
involved with trapping of the initially excited electrons excitation, the decay of luminescence follows a t' la%%
in intermediate deep levels before their final relaxation in for t ,cT and r-' for t wT. The latter is normally seen
the luminescent centres. Exponential time dependence, experimentally.
generally on a much shorter time scale, has only been
seen in prompt luminescence where the excited electron It may be argued thatreference back to frequency-domain

drops back to its ground state within the same centre, response of dielectrics does not represent a legitimate ap-
proach to the interpretation of the decay of luminescence.

Many explantions have been proposed in the literature While we do not accept this as a valid criticism, it would
for these deviations from the ideal form of exponential be interesting to measure the frequency-domain response
time dependence. The classical bimolecular recombina- of luminescence under alternating light excitation. This
tion process would give should provide direct evidence for the validity of the ap-

L(t) m (t +to) -2 (2) proach and might also give further insights into the be-
which is not in agreement with the majority of the data, haviour of luminescence.

particularly as it is never seen at the beginning of the de-
cay where it would be most likely to occur. Several REFERENCES
models are reviewed in (1], including tunnel recombina- [1] A K Jonscher and Anne de Polignac, "The time
tion between neighbouring sites and combinations of dif- dependence of luminescence in solids". 3 Ph~s
fusion and tunnelling. C:Solid State Phys 17 6493-6519 (1984)

[2) L A Dissado, "Fractal kinetics in the lurninescencc
A specifically many-body argument for the fractional po- decay of solids", Chem Phys Letters. 124. 2O6 '
wer law (1) has been proposed by Dissado (2] who in- (1986)
yokes fractal trapping processes. [31 A K Jonscher, "Interpretation of the frequency re

sponse of electronic transitions in semiconductors".
Our own explanation for this generally observed type of submitted to Solid State Electronics.
behaviour of delayed luminescence invokes the otherwise (41 A K Jonscher, Dielectric Relaxation in Solids
known property of trapping processes in semiconductors Chelsea Dielectrics Press. London 1983,
(3] that the decay of polarisation arising from charge
trapping follows fhe same power law as eqn (1) and this
is attributed to interactions arising between the various
deep traps. The basic proposition is illustrated schemati-
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Figure 1 I

The effect of screening on the energy W of occupied
trapping levels (filled contours) relative to the unoccu-
pied ones (open). The upper and lower diagrams refer to
consecutive hopping transitions in opposite senses and
they are not on the same energy scaleThe energy differ-
ence A is expected to be affected by the dersity of the in-
teracting centres, Arrows indicate electronic transitions. Figure 3
From Ref [3]. A schematic representation of the excitation and response

of a trapping system characterised by a response func-
tion h(t) assumed to be a power-law in time. The upper

Vit) diagramn shows a square-wave generation rate g(tr of dura-
I tion T and also an exponential rate exp(-tfT) shown by

t LM the broken line in log-log representation, to bring out its
similarity to a square pulse. The lower diagrams show
the dispensing rate from traps v0 , during the generauon
pulse in the left diagram, and after the cessation of gen-

3 eration in the right diagram, where the variable 4 = i - T

measures the time since that instant. A change in the rate
I siq0 occurs near t=T from t'~ to t-' and the latter law

Stis often seen in the decay of luminescence.

L

Figure 2

A model of delayed luminescence involving deep traps.
(a) shows the case of a single set of trapping states T
which capture electrons excited by the external generation
rate g(t) via a prompt recombination process y -g(r).
The rapsT then dispense the trapped carriers at at rate
v(t) into the conduction band from where they make
-rompt transitions into the luminescent centres L, result-
g in a luminecent intensity L(t) =v(t). F-B refers to

iree-to bound", B-B to "bound-to-bound" transitions. A
more complicated system is shown in (b) with another
level of traps T2 and two delayed transitons rates v,(t)
and v.2(t). The open arrows indicate prompt transitions.
From Ref.[l]
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Eu
2
+ + Sm

3 + 
Electron Transfer by References:

Tunneling in MgS:Eu,Sm
1. K. Chakrabarti, V. K. Mathur, J. F. Rhodes, and R.

J. Abbundi, Bull. Am. Phys. Soc. 33, 6,3 (1988).

K. Chakrabarti
4
, V. K. Mathur, 2. K. Chakrabarti, V. K. Mathur, J. -Rhodes, and R.

L. A. Thomas, and R. J. Abbundi J. Abbundi, J. Appl. Phys., to be published.
Naval Surface Warfare Center

White Oak, Silver Spring, MD 20903-5000

and

M. Hill and J. J. Brown
Virginia Polytechnic Institute and State University

Blacksburg, VA 24061 MgE.-S.'T 1
16 Nd IAG LASER STI-ULT[E D H 16

MlSSON"A
I  s"
. 3 36sS

radiation causes band to band transitiuns, i.e., the 1

electrons are excited from the valence band to the
conduction band. Some of these electrons from the 0 e e
conduction band are subsequently captured by the Sm

3+  
z

ions forming Sm
2
+ ions. When optically stimulated -14

a 1.06 an Nd:YAG laser, the trapped electrons a Sm
"

ions recombine with the holes trpped at the Fur ions
resulting in a characteristic EuC+ broad emission. o 0
Mechanisms of the stimulated luminejcnce and the 400 450 so 650 600 650 700

charge trapping have been explained I with a model WAVELENGTH (nml
for an UV irradiated MgS:Eu,Sm sample. However, the
optically stimulated luminescence (OSL) has also been
observed in this material subsequent to exciting the
sample with room light, i.e., this material can be Figure I OSL of MgS:Eu,Sm exposed to 500m light.

"charged" with room light which does not cause band to
band transitions. This characteristic of this mate-
rial, although very attractive for its commercial uses
as IR laser sensors, is not well understood. In this
paper, we explain this phenomenon.

We have made a series of OSL studies subsequent
to exposing the sample to 350-650nm light selectively.
It has been observed that 500nm light generates the
most intense OSL. Figure I shows the OSL after the
sample is exp~sed to 500nm light for 5 minutes and an
hour. The Eu 

+ 
absorption involves a 4f-5d transition 80 B E O''1 C80

and the 5d level in 0h syvtry splits into the e and0 -
0 I -, Eut

t levels. Therefore Eu absorption has two t an- 6 0 o ' ,
sion 2S4f + (5d) and +S,,/p (4f) cT " '--030,00 60 3

ios 1142 (4f) +F ( ''y26 and 2g 631 0 .

(5d) which' a e observed 2s broad bands h r 260 d /E
480nm in MgS:Eu,Sm. An exposure to 420-540nm light 40

excites the electrons to th6 2  levels of Eu
2
+ from 0 /

where they tunnel to the Sn" igns. Since the t 2  20
level is below the e level and far below the zo
conduction band, the tunneling from Eu . Sm -

appears to be the only mode of electron transfer when
excited by visible light. 400 450 S00 550 600 650 700

The electron transfer from Eu
2+ 

to Sm
3
' ions can WAVELENGTH lee)

also be seen from our results of the bleaching experi-

ments. Figure 2 shows the bleaching of the Eu
2+ 

and Firre 2 Bleaching of Eu
2+ 

and Sm
3+ 

emission by 500=n
Sm 

+ 
emissions by continuous irradiation of 500nm light.

light. This igdicates that the electrons are trans-
ferred from Eu 

+ 
to Sm

3 + 
ions reducing the intensity

of both emissions.

We have also observed that increasing the concen-
tratio of the Sm

3 + 
ions decreases the intensity of

the Eu + emission excited by 480nm light. This again
supports our view that the electrons tunnel from the
t2  level of the Eu 

+ 
ions to the Sm

3  
ions, thus

qu~nching the intensity of the Eu
2 + 

emission.

*On leave from Southwestern Oklahoma State University,
Weatherford, OK 73096.
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SPECTROSCOPYY OF DISORDERED much less pronounced in the localized levels
CdS lxSex MIXED CRYSTALS than in extended ones.

For temperatures above 70K the optical pro-

F.A. Manumder, H.-E. Swoboda perties of the mixed crystals approach those
and C. Klingshirn* o h uemtrasie

Physikalisches Institut der UniversitAt, of the pure materials i.e.

Robert Mayer Str. 2-4, - the spectral width of the zero phonon

D-6000 Frankfurt am Main, Germany bands decreases by almost a factor of

Various spectroscopic techniques like lumi- four between 60K and 70K

nescence excitation spectroscopy gave strong - the luminescence kinetics become inde-
evidence that localized exciton levels exist pendent on photon energy (4]
in weakly disordered mixed-crystals like
CdS lxSex (1] . Localization is due to fluc- - the shape of the gain spectra becomes

tuations in the composition x which in turn similar to the ones due t2 an electi

result in fluctuations of the width of the hole plasma; there is now also a re -
forbidden gap on a microscopic scale. We shift of the absorption edge under exci-

carried out various experiments like photo- tation for T up to 150 K and a blue--

lumine~cence spectroscopy under cw, ns, and shift above as in CdS or CdSe [6]
ps pulsed excitation and spectroscopy with
the pump and probe beam technique. For low All these phenomena can be explained con-

lattice temperatures TL (5K < T < 70K) we sistently with the assumption that a consi-
f d derable fraction of the localized excitons

findare thermally reexcited into extended states
tions of the optical properties of the mixed above the mobility edge for temperatures

crystals in the composition range above T i70 K. This value of T nicely

0.03 < x ( 0.8 as compared to the pure ctor- c - c

stituents x=0 and x=l: agrees with the tail parameter co of the ex-

ponential tail of the density of localized
- the spectral width of the zero-phonon states of to 2 4.2 meV (4] due to the rela-

luminescence bands is much bigger than tion k T
t! , of bound excitons in pure crystals B c o
(1,21

!1) E. Cohen and M.D. Sturge, Phys. Rev. B
- the LO phonon replica are much more pro- 25 3828 (1982)

nounced (1,2] S.A. Permogorov, A Reznitsky, P.
Flogel, S. Verbin, G.O. Miller, and M.

- the temporal behavior of the leading and Nikiforova, phys. stat. sol. b 113 589

trailing edges of the luminescence after (1982)
ps excitation depends in the mixed (2] F.A. Majumder, S. Shevel, V.G. Lyssenko,

crystals strongly on the photon energy H.-E. Swoboda, and C. Klingshirn, Z.

and the decay is non-exponential in con- Physik B 66 409 (1987)
trast to pure materials (3,4) (3) J.A. Kash, A. Ron, and E. Cohen, Phys.

Rev. B 28 6147 (1983)
- the shape of the optical gain spectra is F. Cohen, Proc 17th Intern. Conf. Phys.

narrower and more peaked in mixed cry- Semiconductors, J.D. Chadi and W.A.
stals as co.Tpared to the gain spectra of Harrison eds. p. 1221, Springer (1904)

an electron hole plasma which is ob- [4] S. Shevel, E.O. Gobel, G. Noll, P.

served in pure materials under identical Thomas, R. Fischer, and C. Klingshirn.
excitation conditions (2,4.51. Further- J. Lumin. 37 45 (1987)
more there is a blue-shift of the H.-E. Swoboda, F.A. Majumder. S. chevel,

absorption edge in the mixed crystals R. Fischer, E.O. Gobel, G. Nol., P.
and a red-shift in the pure consti- Thomas, A. Reznitsky, and S. Permogirov.
tuents. J. Lumin. 38 178 (1987)

[51 C. Klingshirn, Localization and Percola-

All the abve findings can be explained ccn- tion in Alloy Semiconductors, to be

sistently with t p assumptions that the opti- published in Proc. Intern. Summer School

aly ex-ited -lectron hole pairs relax ra- on "Disordered Solids: Structures and

pidly into oa.lized exciton states that Processes", Erice, Sicily (1987t
!7- h t relaxae-n and recombination :et 6) H.-E. Swoboda, F.A. Majumder V,G.

s1 wtft w .t in'xiasing =alization depth and Lyssenko. C. Flingshirn, and L. Banyai

-ry ur'it and rencrmalizatt.tn et- Z. Physik B 10 341 lq86)
fe- ' f hiqh 1 -.rsily le-!r ,-hole pairs are
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INDUSTRIAL APPLICATIONS OF RARE devices like color TV sets, fluorescent

EARTHS LUMINESCENCE: lamps or X ray intensifying screens.

ROLE OF STARTING MATERIALS as illustrated in table 1. On the other

hand, more professional uses are

developing in lasers, viewing displays

P. Maestro, P. Plaza, R. Fitoussi (professional CPTs, flat panel

displays....), photo stimulated

Rhine Poulenc Recherches 14 Rue des luminescence or dosimetry.

Gardinoux 93308 Aubervilliers C~dex Economical aspects of this

- FRANCE development will be illustrated,

The oustanding properties of rare These developments have induced a

earths in the field of luminescence strong demand for more and more

have been known and studied from the efficient phosphors and, as a

begining of 20th century ; however the consequence, for an ever increasing

first industrial application only came quality rare earth oxides involved in

into sight in the late sixties with the the synthesis. By the way purity,

use of yttrium - europium based although remaining an essential

phosphors as the red component in parameter for the obtention of good

color picture tubes (1). quality phosphors is no more the only

Since then the use of rare earths one, and such criterion as reactivity

phosphors did not stop spreading out, has to be strongly taken into account,

along with the efforts of rare earth involving morphology as well as

separation industry to challenge the prereaction state of the raw material.

very high purity requirements for Thus the control of such parameters

industrial productions (2). have become a major concern in Rh6ne

Poulenc, as a rare earths supplier

The physics of rare earths willing to provide powders wiih

luminescence have been extensively optimum characteristics. As an

described (3), and rare earths have illustration, the influence of the use

proved to be useful either as the host of mixed oxides on the pertinent

(y 3 + La 3 +, Gd 3 + and Lu 3 +), or as a luminescent properties of the

sensitizer (e.g.Ce
3 +), or as the phosphors will be discussed, taking

activator (owing to f-f or d-f into account both physical and

transitions). The unique character of chemical aspects in the reaction.

the optical properties obtained from

the transitions involving deep f REFERENCES

energy levels combined with the (1) - J.R.Mc COLL, F.C. PALILLA.

stability of rare earth based A.C.S. Symp.Series, 164, 177. 1981

phosphors under the severe working (2) - A. LEVEQUE, J. HELGORSKY,

conditions in such devices as CPTs or Science et Technique, 52, 19, 1978.

mercury vapor lamps have been the (3) - G. BLASSE, A. BRIL. Philips

reasons for an extei,sive use as soon as Tech.Rev., 31. 10. 15. 1970.

industrial productions became (4) - A. HARDY, I.E.E.E. Trans.

possible. Elec.Dev., EDI5, 868. 1968
(5) - B.M.J. SMETS. Mat.ChemPhys..

To day, rare earths based phosphors 16. 283, 1987

appear strongly as essential (6) L.H. BRIXNER, Mat.Chern.Phs,

components in a variety of every day 16. 253, 1987



TYPE OF APPLICATION PRACTICAL
AND PHOSPHORS INVOLVED ADVANTAGES

Color TV sets (4) Brightness

Y2 0
2 S : Eu

3 +  
and linearity

Fluorescent lighting (5)

B&MgAII 0 OI7 : Eu
2 +

Sr chloroupatite Eu
2 +  

Output

CeMgAI 1 O 1 9: Tb3+ and

LaPO 4 : Ce. Tb color index

Y203 : Eu
3 +

(Ce, Gd, Tb) MgBsO01
YVO 4

: Eu
3 +

X Ray intensifying screens (6

Gd 2 0 2 S : Tb3+ Speed and

image quality

LaOBr : Tm
3 +

Reducing exposure
YTaO4 : Tn3+ times

TABLE I
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SPECTROSCOPIC PROPERTIES OF CHROMIUM (III) Table III shows the LNT lifetimes (long
IN ZIRCONIUM BARIUM FLUORIDE GLASS (ZBLA). and short - lived components) at different

emission wavelengths for an excitation
wavelength of 660 nm. Table IV presents the

R. Balda, J. Ferngndez, M.A. Illarramendi, results of the LNT relative quantum
M.J. Elejalde. efficiency (QE) measurements based on the

integrated intensity of the normalized decay
Dpto. Fisica Aplicada. Escuela T6cnica curves. The measurements were made on
Superior de Ingenieros Industriales y de samples of 0.1 and 0.5 at % Cr4 upon
Telecomunicaci6n. Universidad del Pais exciting in the IT24--A. absorption band and
Vasco. 48013 Bilbao. Spain. collecting at the peak of the emission band.

Photoaco.istic measurements performed at room
temperature give a value of 0.1 absolute QE

Fluoride glasses,based on zirconium of the x=0.85 at % Cr
+
s ple.

fluoride (Zr F4 ) have received much
attention in recent years. These glasses CONCLUSIONS
have a wide range of transparency extending
between 0.2 and 0.8 ;m, which makes them From the above results the following
suitable for many applications in the conclusions can be reached:
visible and near infrared as optical fibers i) The Crl+ ion in ZBLA glass have a very
and efficient laser hosts.In this study we weak crystal field.
evaluate the optical absorption, lumines- ii) The luminescence shows a strong tnermai
cence lifetimes and quantum efficiencies quenching in agreement with the temperature
of Ci in ZBLA glass, of composition oependenceof the measured lifetimes.
57ZrF4 - 34BaF2- (5-x)LaF3 - 4AFg -xCrF 3  iii) The twu components observed in the
x=O.05, 0.1, 0.5, 0.85 as a function of fluorescence decay could be related witn two
temperature and excitation wavelength, kinds of main crystal sites.

iv) The LNT measured lifetimes snow a very
EXPERIMENTAL RESULTS weaK dependence on the excitation waveleneth
A) Absorption and emission spectra, for low concentrations.
Figure I shows the emission and v) Quantum efficiencies it room temperature

absorption spectra of a sample with x=O.85 are very weak in accordance with the strong
at % Cr- ions obtained at liquid nitrogen thermal quenching of luminescence.
temperature (LNT). As can be observed the
main absorption features are two bands REFERENCES
which can be identified as the vibronically
broadened transitions 4T,--A,
"T, (t2ez) -'A 1 in order of increasing (I).- J. Fonc. Pys. Rev. 124, 186" 1 191,.

energy. The low energy band snows fine
structure due the transitions 2E4- and
2T, 4A--2  The assignment of this structure
has been made following the Fano
antLresonance interpretation (1).

A summary of absorption spectroscopic
data is included in Table I. As can be seen ,E 4 A2  does not present any variation "' .4 2
with temperature showing tee intraconfigu- 80
rational nature of this transition. It is
also worth noticing the low field cnaracter
of the Crltsites in ZBLA glass. 60 I

The emission measurements were madeunder excitation in the kT *--0A,,absorutiorn
band using the 63, nm line cf a CA He-le

laser. A broad and structureless band 40
centered at 890 nm is observed in Figure 1 .

It corresponds to, the 4T,-- emisi i 'ri, 20
snows 3 very stron dependencv it!i 0!

temperature Fie 2). ,

e )Ueie y 10 15 20 25ms i' f , siop ,e wltr,.. it V -'r"+ m-l1 l 3

W:-: -t ;Jie! :in- a fre jtl ', M .X 1+-0

r'.,?:* A' .re s. ri .tc.

. ."



LE T7 Ts T T5 T Ti

"T-8. ~ ~820 91 16 77 - 77 9
80 R cn, 22.472 16.260 15.267 14 840 83 11 100 13 100 11
LNT 22.831 16.331 15.267 14.880 860 91 13 91 20 91 9

880 100 20 100 17 77 16
Dq c-') 1475(RT), 1488(LNT) 900 83 17 91 16 77 23

833 (R, 862 (LNT) 920 100 19 83 5 77 12
940 77 12 83 12 91 15
960 83 17 83 12 77 10

Table I.- Summary of absorption spectrosco- 980 83 17 83 15 77 8
pic data. 1000 71 9 77 21 83 15

0.5% 0.1% 0.05%
lable III.- Emission wavelength dependence

of long-lived and short-lived
components ,f tn, f£ -rcscence
decay.

6-

0

4-

c2

0 0.1% 0.5%

2'0 4'0 60 100/T 630 0,4 .19

, igure 2.- Temperature dependence of 640 0.4 0.22
emission intensity. 650 0.4 22

660 0.41 0.24

670 0.4 0.22

680 0.38 0.20T K T, (16S) TS (M S)

lable IV.- LNT relative () q untum
13 70 18.5 efficiencie:,

30 63,5 16.8

60 66,5 18.5

84 71.5 23.5

110 60 16

140 44 9.5

170 47 13

200 30 6



Abstract No. 559 The character of the separated electron-hole

Charge Transfer Luminescence in Polysilanes pair state differs considerably from that of the
GR( ) neutral excitation. The temporal decay of the

by J. R. G. Thorne, R. M. Hochstraser 430 nm luminescence takes place in the nanosecond
regime but is highly non-exponential, both in thin

University of Pennsylvania film and glassy media, at low temperatures. We

Department of Chemistry treat the problem in terms of migration of the hole,

231 S, 34th Street or charge separation, under the influence of a

Philadelphia PA19104 multipolar interaction, along a one-dimensional
chain.

and J. M. Zeigler

Sandia National Laboratories This research was supported by
Albuquerque NM87185-5800 NSF-DMR-8519059 and by the Sandia National

Laboratories, supported by the U.S. Department of

There is considerable recent interest in a new Energy under contract number DEAC04-76-DPOO789

class of saturated long-chain silicon polymers

(R 1 R2 Si)n, where R1,R2 represent alkyl or aryl References
groups. The importance of the polysilanes stems

mostly from their potential as photoresists but the 1. L. A. Harrah and J. M. Zeigler,
nature of the optical excitations is still in debate. A.C.S.Symposium Series, 1987 in press.
We concentrate here upon the emisive properties of 2. T. Kagaws, M. Pujino, K.Takeda and t. Matsumoto,

the materials, which have received comparatively Solid State Coimun. 1986 57 635
little attentionfl,21, and attempt a rationalization of 3. R. G. Kepler, J. M. Zeigler, L. A. Harrah

the experimental observations, and S. R. Kurtz, Physical Review B 1987 35 2818

Both alkyl and aryl substituted materials, in .H. S ia i. Okazaki, M. Tanaka, M. Ishikawa,

solution and in thin films, have a single sharp Chemical Physics Letters 19K5 oh 3 89
fluorescence at -350 om, coincident at low Chem Ps Leer 1985 113r8e

temperature with the first absorption maximum. The R..Rochbtr ser and J..Zeigler,
polarization of this band has led to the conclusion Chemical Physics Letters 1B 145 75
that it is associated with a (aag) transition of the 6. J. R. G. Thorns, R. t. Hochstrasser and
silicon backbone[l]. In addition, in the J. M. Zeigler, J. Physical Chemistry submitted

aryl-substituted compound, (PhMeSi)n, a very broad

emission is present at -430 nm(2], whose intensity

increases dramatically on cooling such that it

dominates the spectrum at 4 Kelvin. This band is

thought to arise from a charge transfer state, by
analogy with the luminescence from phenyldiailanes

and phenylethynyldisilanee[3]. The direction of

charge transfer, from silicon to phenyl, would create

a separated electron-hole pair and might account for

the observed hole photoconductivity of

polysilanes[4].

We have measured luminescence lifetimes for

these dual emissions in solution, glass, thin film and

powder[5,6]. The natural radiative lifetime for 350

nm emission is found to be ~600 picoseconds[6].

This value exceeds that predicted from the

absorption oscillator strength per silicon atom, and

implies a delocalization of the (ag*) excitation over

perhaps twenty sites on the silicon chain. Our

fluorescence depolarization measurements[5 indeed

show the excitation to be extremely mobile. In some
of these materials the observed fluorescence lifetime
is shorter than this value. In solution the
alkyl-subetituted compound [(n-C6HI3)2Siln has a
lifetime of '150 ps, which we have attributed to

increased non-radiative decay processes, including

photochemistry, that cannot occur in crystalline
media, (PhMeSi. however, has a lifetime of 70 pa

[5] in all condensed media investigated and the
shorter lifetime of the excited state we ascribe to
fast transition to the charge transfer state. At

elevated temperatures the material is particularly

photosensitive and bond scission, rather than
photoemission, is the result of this process.
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NOVEL TECHNIQUE IN THE PREPARATION OF

Eu
2

. DOPED PHOSPHORS TABLE I

R.P.Rao and R.Jagannathan Luminescent characteristics of some Eu
2 +

Central Electrochemical Research Institute doped phosphors

Karaikudi-623006, India

Trivalent rare earth (RE) ions give characteristic
luminescence whereas divalent RE ions give emission Sample Aex t  Am Half Color coordinates

bands which are dependent (due to 4f 5d electron) ex em width x y

on host crystal environment. In recent years, number nit

of phosphor materials with divalent Eu have been
developed and are being used in various applications
such as lamps, TV screens, x-ray diagnostic systems. SCP 310, 448 36 0.1528 0.0277

Generally, these phosphors are prepared at high 365

temperatures in presence of forming gas viz. nitrogen BAL 320 420 38 0.1595 0.1014
with 2-10% of hydrogen. But in the present investiga-
tion, the firing has been done in presence of carbon BAM 320 450 68 0.1658 0.2531

due to which complications in reduction process SAM 290, 415 29 0.1669 0.1573
can be minimised. The phosphors obtained in the 325
present technique are comparable with that prepared
from conventional methods like (N2 +H2 ) in luminescent SMS 350 460 40 0.1477 0.0878

properties. Eu
2  

doped phosphor materials such BFC 310 388 34 0.2075 0.0937
as strontium chlorophosphate (SCP) , barium-calcium
aluminate (BAL), barium-magnesium aluminate (BAM),
strontium-magnesium aluminate (SAM), strontium-mag-
nesium silicate (SMS) and barium fluorochloride (BFCI)
have been prepared and studied their luminescent
properties.

Required amounts of starting chemicals (3,9's)
have been mixed thoroughly in a centrifugal ball
mill and placed in alumina crucibles. Crucible contain-
ing the mixture has been placed in a bigger crucible
and the space between the two is filled with activated
charcoal (carbon). The firing was done in a closed
muffle furnace at temperatures ranging from 800 to
1300'C for one to four hours. After crushing the
mass, the excitation and emission spectra have been
recorded at room temperture with the help of fluore-
scence spectrophotometLr (Hitachi 650-lOS). The
color coordinates of these phosphors have been found
using UV-VIS-NIR Spectrophotometer (Hitachi U-3400)
in single beam mode. The results obtained in this
investigation on various phosphor materials are given
in Table 1. Luminescence data shows no trace of

Eu 
3

. Carbon monoxide (CO) formed at higher tempe-
ratures may be responsible for the redu,-tion of

Eu
3
. to Eu

2
.. From the results it is conc'.ided

that this technique can be used fruitfully in the

preparation of Eu
2+

doped phosphors.
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LUMINESCENCE PROPERTIES OF THORIUM PHOSPHATE In general, we observed a broadening of the emis-

TRANSPARENT GELS DOPED WITH RARE EARTH AND URANYL IONS sion with the importance of the thermal treatment,

namely, when we increase the temperature.

As the thermal treatment is determining, several

Laboratoire de Radiochimie, physical methods (DTA, TGA, NMR, IR) have been used in

Institut de Physique Nueiaire, order to correlate the chemical state of the material
BIP. N i, 91406 Orsay Cedex (France) with the luminescence intensity observed. We can con-

elude that :

. Lost of water is an endothermic reaction taking
I. Introduction place at about 80o C, followed by a vaporisation of

The purpose of this paper is to study the lumi- the liquid phase which is still endothermic.

nescence properties of a new kind of material pre-

pared from thorium phosphate gel medium doped with The phosphate ions are tightly connected to the

Mn
2 +

, Eu
3 +
, Tb

3 + 
UO2+ in comparison with well known gel network in a gel freshly prepared, but as the

conventional materials (aqueous solution, glass and medium becomes dryer the phosphate ions are more and

crystals). more free. The water behaviour is strictly the reverse.

In the liquid phase, both phosphates ions and water

2. Preparation and experimental conditions, are completly free. In the solid phase, xerogel and

amorphous material, they are both tightly bound,

The gels have been prepared from a thorium ni-

trate solution mixed with phosphates anions, acidi- . In gel medium, the type of phosphate ions are

fied with HNO 3 
(0.5 < pH c 1.0) (1 - 3). Under these not strictly identified by IR due to the important

conditions, we have obtained a very transparent mate- broadening of the bands, but as the medium losses

rial. These gels have been doped (about I0 7) with water, the typical thorium orthophosphate spectrum is

Mnand observed even in the amorphous solid and the characte-

2
, Eu(N3), ThING

3
)
3 

a U0
2
(NO). ristics X-rays patterns (monoclinic) confirmed on the

By heating, we observed that the luminescence crystalline product the presence of the thorium ortho-

was sensitive to the drying temperature (4, 5). At phosphate. Taking into account these observations,

30' C, the gel becomes liquid after loosing about few comments might be done about a tentative interpre-

85 % of water ; if drying is going on at the same tation of the luminescence :

temperature, then we got a transparent solid state - in the pure gel medium, luminescence is only due to
(called merogel). When the temperature is raised from the luminescent ions complexed by phosphate ions,

80' C to 950' C, this xerogel transforms into an amor-
phous powdered solid and in 4 hours at 1050' C we have - in the xerogel, which is the more efficient medium,

obtained a crystalline powdered solid. These modifica- the increase of luminescence intensity is due to the

tions have been investigated by X-rays techniques, lost of water and phosphate ion concentration which is
comparable to that of anusual solid,

The luminescence excitation of these ions were

performed at room temperature using a pulsed nitrogen - in the amorphous solid, the luminescence is not so

laser (A = 337.1 nm) or a mercury lamp. important, compared to the xerogel,

- no significant difference appears in luminescence

3. Results. of ions between amorphous and crystalline material.

Under the drying conditions described above, we

have studied the luminescence of UO
2 

and Eu
3 + 

ion in In conclusion
2 I

this material. Under U.V. excitation gel doped with Luminescence of various ions (O u, .3
U02

+ 
exhibits, at room temperature, the usual green- have been used as a probe to test different type of me-

yellow emission. The intensity of this fluorescence is dium : gel, xerogel amorphous, crystal prepared from

decreasing when the temperature is increasing up to the same thorium-phosshate gel as starting material.
50' C. In the liquid phase, no fluorescence is obser- The xerogel form is the more efficient one. Futhermore
ved. But, when the medium is transformed into solid this xerogel is transparent and easy to prepare in ve-

state (xerogel) at 50-80' C, the luminescence inten- ry thin film.
sity is very important and the decay time (T = 300 us)
is twice as long as the value recorded for UO

0 
ion in References

a phosphate solution of a same composition hut without

thorium (150 us). Nevertheless, when the temperature I. Satya Prakash, Dhar N.R. : J. Ind. chem. Sec., 6
is increasing from 80' C to 1050' C, the fluorescence (1929) 587.

intensity decreases and the decay time of the powde- 2

red thorium phosphate is smoothly decreasing. Mehta S.M., Parmar M.U., Mate Prasad 1. Ind. Chem.

In the same drying conditions, red emission of Eu3o Soc., 13 W436) 65.

ion in thorium phosphate have been examined. Compared 3. Mehra S.M., Pamar M.I., Mata Prasad: 7. 1nd. (hem.

to U20, the observed behaviour is quite different, Soc., 1' (1Q36) 124.

luminescence intensity and decay time are both Increa- 4. V. Brandel, M. 1;enet, I. of Luminescence -o ar, -.1
sing with temperature thermal treatment. Decay time (1558) q(3.
in xerogel is about 1.3 ms and 2 ms for the amorphous

vaterial. For these values, determined at 60o c inten- M. Cent, V. l-andel, . . Acad. tc , ., e . li-

sity curve peaked tip, this effect is not yet lnterpre- shed.

ted.

Mn
2 + 

shows a very week emission whatever the diffe-
rent types of solids studied, with a decay time of
4.6 ms in the crystalline state.

Tb
j + 

are under progress. Preliminary results at
137.1 nm excitation exhihits an intense creen emission

ii' C and 487 nm, which is great'r for the crystal
powder compared to the amorphoss one.



Abstract No. 562
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LIU Xingren, ZHANG Yinglan, WANG Zhihua
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It is well-known that Dy3 ion in various
kinds of hosts showc in the visible region
three emission bends ,hich lie in the inter--
vals 470-0onm, 570- 600rw. and 6 60- 6 90nim, cor-
responding to the transitions tram *F 9/ or
higher excited states to, 

6
If or 'F (1-5).

We report here a new emission from Dys+
doped Y-Mg3B03F3(MFB)which is a very strong
line at 

6
14.5nm(16273cm-')(L line). To the Soo S50 600 650

best at our knowledge, this line has never ).(nm)
heen reported in any flyS+ activated compound.

The emission spectrum ot MYB:Dy3+ under V Fig.l Emission spectrum of r-NgB05F3 Dy3*
excitation is shown in Fig.l. The bands In under UV excitation.
550-600nim characteristic at Dy

3
* ion are com-

paratively weak while L line is very strong.
Other rare earth ions which could possibly EP~

give sharp line emission at wavelengths 3
around 6l5znm are Eu-T and pr3.St NB doped yt
with tEu

3
* had bean preparad and its luminesc-

ence spectrum measured. The peak of the main
line was found to be at 612nm. When both &~3+
and Dy3+are inoprtdMBD3,3 gives
an emission spectrum as shown in Fig.2, in
which the L line and the 612nm line are clear-
ly separated. Fig.3 gives the excitation
spectra of the line L from MFBDy

3
4 and of

the 612nm emission tram MPB:Eu3
t
. It can be 550 600 650 700

seen that the two spectra are quite different (nm)
from e~ch other. When 40Ornm was used to excite
the doubly activatea MFB only 612nm was emit- eYig.2 Eknission spectra of 'T-Mg3 B0sF 3 :Dy3+DAas
ted, while [j2Onm was used, L appeared unique- under UV excitation.
ly. Since In the region 2300

0
-34000cm-1 no

excited state of Pr3" ion exists, excitation
peeks of the L line 'n this region Implies
that the luminescence, L should not be origin-
ated from Prs ion. Thus It can be concluded ----- b
that the 614.5nm luminescence of NFB3:Dy3* is___
emitted by Dy3* ions.

As a r-ule, thet initial state of the transi- z
tion corre,3ponding to L emission may be judged
from the excitation spectrum From P'ig. 3 the ,
lowest energy which can excite L is about
2.15 X104cam-, (465rn). A tunable dye laser had X 20
been used to excite the phosphor, two peaks
appeared at 21278cm-' and 21457cm-'. With
laser lit, t at 2ez39cm-1 the intensity of L
line varied linearly with that af the excit- ( 00 30 00m o a
irng radiation. This implies that the L emis, ' )
sion Is a single photon process and the ini- Fa3~ctto pcr~)o 1n ms
tial state of the emission is either 

4
F9, 5 or Fian3 from aio T-g sF eutr() of L1n frmis

Ii/.According to the cytlsrcueo -~B~F:y
MPE reported by Okazeki(6), IDy3t ions are
most probably situated at the Mg site with References
extremely low symmeetry. Consequently, the (1) H.G.Jenkins et al. U.S. Pet. 2427728,
number of energy levels due to crystal field Sept.

2
3, 1947

splitting would be quitr large and the Struc- (2) C.N.William at al, J.Eaectrochem.Sac.
ture complicate. So it is difficult to iden- 115,105,1968
tify the initial state simply through the (3) J.L.Sommerdijk at al, J.lectrochem.
energy of the exciting photon unless the exact Soc. 122,952,1975
energy level structure is known. However, () JLSmedj taPiisRsRp
since the energy difference between 4IS/ and (4) JI.Smmrdj 2tal9hiis77.R
6N,,/2 gives a b-tter match to the nhoton)P2917
energy of -,, it seems more reasonable to take (5) R.J.Matthews at al, Phys.StatuS Solidi

415,s8 the jn~tial st~te a'nd 6H,,/2 as the a 71,55.1982
final one. (6) R.Okezaki -t al, J.Chem.Soc.Japan, 86,

1015, 196q
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LUMINESCENCE FROM SEVERAL ACTIVATORS SrBeLa 2l5-Ce3+ is yellow. 3+

IN SrBeLa2
0
5
- It is possible to replace La by ;d

which influences tile luminescence properties.

C. Basse and G. J. Dirksen,

Physics Laboratory, University of Utrecht, 
Finally result, for activation with s ions

P. o. Box 80.000, 3508 TA Utreeht, ( Pb 2a Bi
3 + 

) will be preeted. Thee h- al-
Tbe Netherlands. IP i~Iwl epeetd hs hwas

the influence of the unsaturated oxgen ion.

Recently Schr~der and M6ller-Buschbaum (1)

reported a new compound of formula SrBeLaS,05  and References,

determined its crystal structure. The Be 
2  

ions are i, F. Schrlder and Rk. Miillr-Sushhoaus.

in tetrahedral coordination, half of the La
3 + 

ions Monatsh. Chenie 118, 959 (1987).

in seven coordination and the Sr
2 + 

ions and the 2. Se e g. ll Zhiran and G. ls-,

other half of the La
3 + 

ions in nine coordination, J. Solid State Chen. 55, 21 lS.,

The latter s.te is occupied in a statistical way.

We succeeded to prepare this compound at much

lower temperatures, viz, 1200 -C, than reported

in ref. 1, viz. 2000 *C. Several activators were

tried for their luminescence.

The rare earth ion, Eu 3 + Tb
3
* and Ce

3 +

have their allowed transitions (viz, char.e-transfer

or 4f-5d transitions) at relatively low energy,

This is related to the presence in the crystal

structure of an oxygen ion which is not coordinated

to the Be
2
. ion. This anion nehaves as if it is

unsaturated. Examples of such a behaviour are

known in the literature (2) and will be discussed.

The undoped host lattice shows also luminescence

which is tentatively ascribed to a self-trapped

exciton on the unsaturated oxygen ion, This will be

compared with findings for other lanthanide ion

host lattices where similar observations have been

made.

The Eu
3 + 

ions in this crystal structure show

two charg-transfer transitions at different, hut

relatively low energy, these correspond to the3+

charge-tranfer transition on El in the two

different sites. It can also be shown which

transition belongs to which ion, using the fact that

one sablattice is disordered, whereas the other is

not, At 4.2 K selective excitation is more or less

possible.

The Sm3
+ 

ion can also be excited in the charge-

transfer transition, since its spectral position is

lower than usual. The same hold. for f-d

transitions, The Ce ion, for example, emits in

the green, although the Stokes shift of the n,ssion

relatively small. Two Ce
3 + 

emissions were lhs-rved,

corresponding to Ce
l  

on the two (r-stalkographi

sites. (Inc shows at 4.2 X vibrat i, al strutilure,

whereas thea (her does not. ihis wi .1) in t ,rr -d

using rite statistical distri ut ion of Sr"
+  

and 1.a
1
3

ions on one of the two site. rhe hods so loot of
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A Long-persistent Blue Phosphor SrSb206:Mn 2 and in turn ncreases the Tnergy between the
ground state and T state of Mn

IIYamada, H.Matsukiyo, T.Suzuki and H.Yamamoto 4. Characteristics of disp)y tubes.

Central Research Laboratory, Hitachi Ltd. The phosphor SrSb
2
0 :Mn was screened in a

P.O.Box 2, Kokubunji, Tokyo 185, Japan dot-pattern on 14 inch 2 RT faceplates. flicker
and of images was evaluated on these tubes in comparison

T.Okmura, T inai and M.Morita with a commercial blue phosphor ZnS:Ag,Ga,ClI.
Faculty of Engineering, Neikel Universiti The relation between the critical fusion frequency

6utaoachl, Kichijyoji, Musashino, Tokyo 180, Japan and the screen brightness is shown in Fig.2. Although

the two phosphors hgve nearly the same 10% time
listoduct ion 2+ constants, SrSbO

6
6:Mn shows reduction of the

whc ies aerare of Srib20 6 2
Mn peaked at flicker compare

8 
with ZnS:Ag,Ga,Ci having nonexponen-

470 om is a rare case of Mn luminescence, tial luminescene decay. It was found, however,
which is usually found in the red to green region. that SrSb206:Mn is aged more rapidly. Evolution
By finding that the luminescence has an exponential of oxygen was also observed under electron irradia-
decay with a time instant of 47 ms at 10% peak tion.
height, the authors have attempted to improve 5.Summary
the quality of this material with an aim at its Both the difficulty of the valency control
application to terminal display tuLes. This paper in the synthesis and the aging accompanied with
describes a new synthesis method, optical studies the oxygen evolution probav stem 3rom the small
indicating energy loss processes and some prelimi- energy difference tween Sb and Sb . The blue
nary results on tube characteristics, luminescence of Mn is related to the long Mn-C

The crystal structure of SrSb 20 and of isomorph- distance, which results from the position of theous CaSb 0 can be regarded as a layered structure Mn site inserted between the sheets of SbO in

having sge6ts of SbO The Sr site coordinated the layered structure.

with sin 5ysygen ions is inserted between the 6. Acknowledgment

SbO6 sheets * The authors are indebted to Dr. Y.Uehara, Mr.

2. The synthesis method Y.Morita and Mr. M.Asakura for the fabrication

One of the starting materials Sb25 is partially and evaluation of CRTs, 'hey are grateful to Dr.

converted to volatil Sb0 during firing. on K.Urabe for helpful discussion on the interpretation

the other hand, when ihe starting materials are of the excitation spectra.

heated in an oxidizing atmosphere, Mn may be 7References

formed. It is, therefore, difficult tocontrol Il)J.Janin aid R.Bernard:Compt.Rend. 240 614 (19S3)

the stoichiometry and th- vlency of the Mn- -acti- )M.L.A.ualu: Tr.lnst.Pio.Astrom. Akod. Nook.

nated antimonates. To overcoi. this difficulto, Est.SSR. 8 58 (1958)

a four-step process has been developped. The 
3
)R.Kiriyama and H.Klriyama:"Structural Inorganic

idea of this synthesis method is as follows. Chemistry" Ii p.41, Kvoritsu Shuppan Co.Ltd.,

(a) The first step forms the host lattice at Tokyo (1963)

a relatively low temperature (1OOC) to suppress 4) C.Pedrini, G.Boulon and F.Gaume-Mahn:phos.stat.
the formation o0Sb 03 Crystallinity remains solidi (a) 15 K15 (1973)

poor so that Mn c " be easily diffused into EX1inATIO SPiCTRn EMISSON S 7RzUM

the lattice. (b) Im , second step, Mn is doped1I ll
together with a flux which helps diffusion of I
Mn loss. (c) Then, the firing temperature is

increased (I200C) to grow grains. And (d) the
resioual Mn compound and flux are washed away .

by acid treatmont.

The best choice of a Mn starting material
Is Mn P 

2
C * which gives the highest efficiency, ' .

123 relatlve to ZnS:Ag,C1. The optimum concentration
of added Mn Is 8 atomic X. Interdiffusion of 20.2
constituent ions are accelerated, when KSO is \-

used as a flux. The effect of the flux s confirmed - A
by development of a hexagonal habit of the phosphor 200 25 102 350- 450 500

grains and uniform formation of (Sr Cao)Sb :Mn WAVELEuGTH
solid solutions. The flux as much as 40 wt.E
oif the starting material seems to P e effective Fig. I An excitation spectrum of Mn luminescence
In preventing from the oxidation of Mn itns, In SrSbh 26

since narrow-band lu, nescence at around 680 50
nm characteristic of Mn is observed, when K 2SO
is not used. 2
3
.Luminescence and excitation spectra

An excitation spectrum of the blue band at (St. ,Mn. .. )SbU
-1809 is shown in Fig. I . The absorption hands

of Mn- shs Id be located at wavele gths longer
than 3'0 mm, but they can not be identified in 5 5
this spectrum. The bands at 300 and 270 nm may
he related Ir. the host lattice, becaye us (uni,,ns- tnABGa. CI

-ence originating in the host lattice has excit a-

t Ios bands nearly at the same wavelrngIhr as
these two hands. I

A p,,Y. rs I i,runusual bloc "nmine- 3bt 40 45
in(e cf Mn Is Ihe, M-O distame as log as

. m is Sr Sh ""' M . This lsng Interat,,mi CRIIICAL FUSION FREQUENCY (HI)
41 t.tane dc r,. ' ;0l)i and Rusah paratrs Fig.2 S,reot brightness ss. ceitI.0 l fuiso frqUen, v

(f a (RI scr.oci with rSb t1: M .

8226
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Table 3 Decay time of photolumi-
ENHANCEMENT OF COTHODLUMINESCENCE nescence under 265nm excitation
IN LaOBr:Tb BY CODOPING WITH Dy

Xu
3  

No. Dy(mole) 
5
D3-

7
F4 (,O) 

5
D4-7F5t)

Yongji Li
1
, Xingron Liu

2
, & Xurong X 1 0.0 230 1280

2 0.001 221 1250
l.Chengdu Univ. of Science and Technology, 3 0.003 176 1240
2.Changchun Inst. of Physics, 4 0.006 166 1200
3.Tianjin Institute of Technology 5 0.01 71 1200

6 0.03 10 720
Southern Road,Tianjin,China 300191 7 0.08 7.2 500

The cathodoluminescence of LaOBr:Tb is By comparison of these results with that given
enhanced in 1.4 times by codoping Dy. The in table 2, we can draw the conclusion of exis
mechanism of this enhancement is analyzed -tence of concentration quenching in the regi-
and is attributed to crossrelaxation between on of Dy concentration from 0.01 to 0.03 moles.
Dy and Tb.

Discussion
Experiment

The crystal is belonging to tetragonal sy-
We prepared a series of phosphors in whi- stem. The dopants Dy or Tb substitutes La ions.

ch the concentration of ion is kept constant An analysis of the distance of a luminescent
at 0.0075 moles and the concentration of Dy center from the neighboring dopants shows that
varies according to table 1. the mo-del of a three dimensional and homogene

-ously distributed dopants for treating the
Tablel: The concentrations of Dy problem of energy transfer is reasonable.

in different phosphors Because the concentration of Dy and Tb

No. 1 2 3 4 5 6 7 are no so large, we use expression for decay

Dy 0 0.001 0.003 0.006 0.01 0.03 0.08moies curve.

For comparision we prepared also phosphors Pct ,exp [-5 -C)f(-)&-) i}
doped only with Dy of 0.01 moles. wheretis the decay time of Tb luminescence wi-

we measured the cathodoluminescence of the- thout 'he doping of Dy, r is Gamma function, C
se phosphors( 10kv, lA/cm

2
, 10

- 4 
torr ).,The is the concentration of Dy ions, Co is the

results show that the luminescence of LaOBr: critical codoentracien. By fitting to the ex-
Dy,Tb consists predominantly of the lumine-
scence of Tb. The brightness is measured by perimental data, we find that s equals to 6.

means of a photocell calibrated to the sensi- c of. figure ).

tivity of human eyes with the help of a fil-
ter. This brightness is found to be enhanced
in 1.4 times that of sample without Dy. When 3 V
the concentration of Dy is equal to 0.01mole.

Table2: The cathodoluminescence of LaOBr:
Dy,Tb for different concentrations of Dy 2

No. Dy 
5
D 3-7F 5  

5
D4 - 7F5 Brightness

1 0.000 0.30 0.48 330
2 0.001 0.25 0.51 355
3 0.003 0.16 0.52 370 13
4 0.006 0.10 0.53 460
5 0.01 0.06 0.64 470 /0 20 30 (/0 T)
6 0.03 0.015 0.32 105
7 0.08 0.00 0.11 70 Fig. Fittinq of calculated decay curve to ex

The enhancement is clearly due to the dop- -perimental data for dipole-dipole interaction

ing of Dy. But the luminescence of Dy itself Conclusion
is not large enough to produce such an enhan-
cement. Is there any transfer of energy from The cathodoluminescence of laOfr:Tb may
Dy to Tb? For this purpose we measured the be enhanced in 1.4 times by cdorinO with D.

spectrum of excitation by monitoring the lu- This enhancement is attributed to the 1n)9,j
minescence of Tb. No excitation of Dy is ob-
served. So that neither the luminescence of transfer from Tb and hi in the form of crosoin

Dy itself nor the energy transfer from Dy to -laxation. This crossrlaxation i o! i h a
Tb is responsible for the enhancement of bri- -cter of dipole- dipole interaction. \nd tha;
ghtness. The sefect of doping with Dy is to energy transfer process transforms th9, liht

change the relative intensity of different in the region of violet-blus into th .The
lines in the luminescence of Tb. To clarify en. So that the brightness is :ncru- ci Th,
the reason of this enhancement w, measured critical disiance of croisi sIaxatlon Ic (i-i

the decay of photoluminescence. The results mined As 1 0

are listed in table 3.

References;
(1 Futan Zhao et al . I. Elct robes. Co. 11 51ikut i etal.

134, 3181, 1988
(2) Lou Shuyi .. t1 li inS nit.. 4, CI, l'ol
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The actual performance of the Y2 SiO5 :Tb in vari-
ous types of 40W, T-12 lamps, is summarized in Ta-
bles II to V.

In Table I1, we present data for Y2SiO5 :Tb and
Terbium-Activated Yttrium Silicate three different versions of CAT in singTe-component

as a Lamp Phosphor lamps. The silicate is seen to closely match he
performance of the CAT phosphors, except for aT.E.Peters, R.B.Hunt and R.G.Pappalardo somewhat higher powder weight for the former.

GTE Laboratories Inc., Waltham, MA which can be corrected by particle size control
and

F.Taubner Table III lists tri-phosphor blend formulations for
GTE Products Corp., Danvers, MA z3000K lamps employing, respectively, Y2SiO 5 :Tb

and CAT as the green-emitting component. In viewTerbium activated yttrium silicate, Y SiO Tb, is of its higher UV reflectance, the fraction of the sili-
a refractory luminescent material that 5as emon- cate phosphor in the blend had to be increased in
strated exce!lent performance in CRT applications, order to obtain the target color. The overall cost ofparticularly those involving high drive currents (1,2). the phosphor blend, however, is essentially un-A cerium co-activated version of this phosphor was changed, because of the compensating decrease inalso proposed for use in fluorescent lighting (3), but the fraction of the expensive red-emitting compo-it failed to gain commercial acceptance because of nent. As shown in Table IV, the performance char-its poor 'lehr' resistance, and the cost associated acteristics of lamps employing the two tricolor
with its high activator concentration (16.4w/o). Re- blends are identical.
cently, we prepared Y2 SiO 5 :Tb phosphors with sub-
stantially reduced terbium content, that nevertheless Although the color coordinates of the single-coatequalled or exceeded the performance requirements lamps are identical (Table iV), some yet unex-for the green-emitting phosphors used in fluores- plained effects are observed in two-layer lampscent lighting and in reprographic applications. When a tricolor blend is overlayed to a halophosp-

hate base coat, the two-coat lamp exhibits differentThe poor lumen maintenance of orthosilicate x-y values and a lower CRI (Table V). A tentativephosphors prepared with fluoride mineralization explanation is that in the latter case a higher pro-(Fig 1) prompted the search for an alternate synthe- portion of the UV radiation reflected by the tricolorsis route. Sol-gel syntheses, using alkoxide raw blend is absorbed by the lower CRI halophosphatematerials soluble in organic solvents, were evalu- base coat, thereby lowering the overall CRI of the
ated and abandoned because of handling difficulties lamp.
and high reagent costs. As an alternative, we devel-oped a pseudo sol-gel technique, in which a phos- Finally, from Table VI it can be concluded thatphor precursor in a clear gel or powder form, was the performance of Y2SiO5:Tb matches that of CAT,prepared from Y NO )3 or Y(OH) 3 and silicic acid. even under the high-load conditions obtaining inIn the preferred synfhesis route, the dried gel or T8/HO/450 

aperture lamps.
precursor powder was reacted at 1700-1800C in
95% N2 - H2 for 2-4 hours to form the finished prod-
uct, References

'1) T.E Peters, J. Electrochem Soc. 116, 985(1969)Excitation and diffuse reflectance spectra for our (2) V.D. Meyer and F.C. Palilla, J. E!ectrochem Soc.standard formulation. Y 1 8 5Tb 0 .15 SiO 5 are pre- 116, 535,(1969).
sented in Fig. 2. The mercury emission line at (3) M. Watanabe, K. Terashima, Y. Kimura e,.d T.254nm intersects the intense terbium excitation Nishimura. Abstract 225, Spring Meeting Electro-
band (4f-+5d transition) at ;-80% of its peak chem. Soc May (1979).height. In plaque tests, however, this material al- (4) J.M.P.J. Verstegen. . Radielovic, and [..Eready has a brightness of 93% relative to the CAT Vrenken, J. Electrochem Soc 121, 1627(1974)
phosphor, in spite of a 254nm reflectance as high
as 25% (Fig 3) From the foregoing, and the re-
ported values of the quantum efficiency and reflec-
tance at 254nm for CAT (4), i.e. q=80% and
r

= 8
.
0 % , 

we estimate the quantum efficiency of our
silicates to be z95%.

We believe that the high U.V. reflectivity of the
Y2 SiO 5:Tb, in combination with the excitation geom-
er. is responsible for the observations of Table I,
wherein the silicate phosphor exhibits progressive
increase in brightness (relative to CAT), as the
measurements are performed on plaques, on
plaques inserted in a 'demountable' lamp, and in
monochrome 40W, T-12 lamps This trend is ex-
plained as follows the UV radiation not absorbed
hy the phosphor in a plaque brightness test is irre-
trievably lost, while in a regular, fully-coated lamp
the reflected UV radiation can be re-directed to the
phosphor layer. Finally. in the case of the phosphor
plaques inserted in a demountable lamp, the prob-
ability of utilization by the phosphor of the reflected
UV radiation is intermediate to that of the two ex-
treme cases already discussed
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Table I 13

Phosphor Brightness and Excitation Conditions
(Relative to CAT)

Type Meas. Brightness % Brightness % Table VI T8iHO/45
0 

Aperture Lamps

0 Hrs. 100 Mrs.

Plaque 86.0 ... Type Optic. Powd. Detect. Detect. Masnt.
Resp. Resp.

- Dens. Wt. 1 Hr 100 Hr %

Demountable 93.1 91.6
CAT 79.6 2.03 140.1 138.9 99.1

40W T-12 100.2 100.4 YSl 79.0 1.96 140.0 139.1 99.4
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LUMINESCENCE FROM RARE-EARTH CRYPTATES References
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Luminenent -i1 ,. 2
-aoeuuzc solids can . N. Sabbatlni, S. Per-unoner, G. Lattanzl, S.

usually be described as ions in interaction with the Dellonte and V. Balzani, Inorg. Chem., in press

immediate surroundings, i.e. as ions in a cage. It is

therefore interesting to compare their luminescence 3+

with that of ions in cryptates. A cryptate consists of I Fig. Ln C 2.2.1.] cryptate

an ion encapsulated in a molecule which offers a hole 
0  

0

in its molecular construction [Il. Such a molecule is

called a cryptand. Figure I shows an example. In this

paper we restrict ourselves to luminescent rare-earth

ions as the encapsulated metal ion. zc :)

The [Eu3er 2.2.11 cryptate (compare fig.1) has a AO) CH
3

low luminescence efficiency due to the predominance of N

nonradiative transitions because of the low-lying N

charge-transfer state and high-frequency vibrations in

the surroundings (H20) [21. Comparable phenomena are

known in the solid state 12]. The efficiency of the N

luminescence..an be in.......ed by shifting the op
site-parity state to higher energies (Sm 

+
, Th , C C

3

Gd
3+
) and increasing the energy gap (Tb

3 +
, cd3+).

In [Ce
3
+, 2.2.11 cryptate the emission is broad-

band type, viz. a d - f transition. The quantum effi-

ciency is very high, because the Ce
3+ 

ion fits exactly Fig.2. Schematic representation of the C 22H26 N hxaaza

in the cage. Consequently, relaxation in the excited

state is restricted, i.e. the Stokes shift is very marrocyclic ligand

small. This fits an important criterium in the design

of luminescent materials. 5'..

Due to the weak relaxation in the [Ce
3
+- 2.2.11 s

cryptate the excited ion remains reasonably in reso- tI...O E - -

nance with its neighbours at -0 A in the surrounding

cages, so that energy migration over the Ce
3+ 

ions can

be observed [3]. This runs parallel with considerati- ".- nosta..

ons on concentration quenching in solid systems. a.**o

In the cryptates mentioned above excitation is

into the central metal ion. It is also possible to ex- Fig.3. Radiative and nonradiative rates in the

cite in the cryptand and to study energy transfer to Eu
3 + 

hexaaza complex at 1OOK

the rare-earth ion. In the Eu
3
+-hexaaza complex (see

fig.2) energy transfer occurs, but with low efficiency

[4]. Figure 3 gives the relative ra'es. Nonradiative

decay in the ligand (the cryptand) dominates, Also

here an interesting comparison with non-molecular

systems can be made.

However, energy transfer 
from a cryptand to rare-

earth ions can also be highly efficient [5]. This has

been observed for the [Ln
3
+c bpy.bpy.bpyl cryptates

with Ln - Th and Eu (fig.4). The situation tends to
become complicated because not only bpy + Ln

3 + 
trans-

fer occurs, but also Ln
3+  

bpy back transfer (for

Th 
+ ) 

and migration among the cryptands. However, Fig.4. Eu
3 + 

or Tb
i+ 

bpv.bpv.pv crvptates

there is a close parallel with the luminescence pro-

perties of vanadates. This comparison leads to a

better understanding of quenching by electron transfer

16, a phenomenon which has also been observed for the

cryptates In solution 171.

:24
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Temperature Dependence of the Vibronic References

Spectrum and Life Time of LiGa5 08 :Mn4+ (1) V.G.Keramides, B.A. DeAngelis and W.B.

T.Abritta and R.J.M. da Fonseca White, J.Sol.St.Chem. 15 (1975) 223.

(2) C.McShera, P.J.Colleran, T.J.Glynn, G.
Instituto de Fisica - UFRJ, 21945, Rio de F. Imbusch and J.P.Remeika, J. Lumin. 28
Janeiro, RJ, Brazil. (1983) 41.

The luminescence of Mn
4 + 

ions as (3) T.Abritta, N.V.Vugman, F.de S. Barros

impurities in a single crystal of LiGa5 08  and N.T.Melamed, J. Lumin.31/3
2 

(1984) 2s1.

presents, at 15K, a sharp zero-phonon line (4) M.O.Henry, J.P. Larkin and G.F.Imbusch,

at 
7
21.6nm due to the 

2 
E

4
A2 electronic Phys. Rev. B 13 (1976) 1893.

2 (5) L.A.Riseberg and M.J.Weber, Solid Stat.transition associated to a d
3  

system in Comm. 9 (1971) 791.

an octahedrally coordinated site. This zero-

-phonon line is accompanied by a set of
sidebands (see Fig. 1). Comparing the
enere-': cf the sidebands relatively to the
zero-phonon line we could identify most of

them as infra-red or Raman modes of
the host (1,2) . As the temperature is
increased the intensity of the sidebands
increases relatively to the zero- phonon
line, with a decrease of the sharpness of
their peaks. At room temperature the
zero-phonon line is barely resolved and the

emission is dominated by a broad band with -- i
its maximum at about 720.Onm (3). In this i- it
report we have examined these facts
measuring the decay times between 15 K and
450 K, above wich he have the luminescence
extinction . The decay time for this
temperature range is characterized by a single
exponential. The decay rate presents twotrends. 720 T30 740 750 760
First we have a gradual rise uitil tempe-ratures
about 300K. Above this temperature there is WAVELENTH (nm)
a rapid increase with the temperature see
Fig.2). The gradual increase of the decay rate
can be understood on the basis that the

radiative transition is dominated by the Figure I - The 15 K luminescence spectrur
vibronic sidebands process. Hence the of LiGa 50 8 :Mn

4
*

radiative decay rate fr (T) should vary
with temperature as 

4
). 1

fr(T)(fr(O)E Ai coth -(

Where the wi's are the Phonon frequencies and

E A i gives the intensity ratio of the ,5
io

sidebands to the zero-phonon line at low
temperatures. Taking the representative rhonon 4

modes whose frequencies and Ai values are w

suggested by the shaDe of the sideband we

calculate a curve that increases slowly wich fitsour experimental data for temperatures lower 2
than 300 K. For higher temperatures we have
used the observed fact with non radiative
transition in rare-earth-doped crystals where

one expects that the highest energy phonorns will
dominate the non radiative process (5).In our 20 ' 300 400
high temperature Ia we could cbtzi. a

reasonabl5 fit considering 25 phonons with an TEMPERATURE (K)
energy of 546cm

- I 
in order to cross the

cm
-
' energy gap between the 2 n A

13858 E and A
levels.

The whole fit of the experimental decay Figure 2 - The temperature dependence of the
rate data is shown in Figure 2, for a fr(0) luminescence decay rate of

corresponding to a decay time of 284ws, the LiCa508:Mn4l . The points ive tht
experimental value for low temperatures.

measured values. The continuous
curve shows the theoretical fit.
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ENERGY TRANSFER PROCESS IN ALKALINE References

EARTH RARE EARTH PENTABORATE
PHOSPHORS 1. B.Saubat, C.Fouassier and P.Hagenmuller, Mater.

Res. Bull. 16 (1981) 193.

R.Jagannathan and R.P.Rao
Central Electrochemical Research Institute 2. B.M.J.Smets. Mayor. -hem. and Phys. 16 (1987)

Karaikudi-623006, India 283.

and

T.R.N.Kutty
Indian Institute of Science 60
Bangalore-560 012, India.

Phosphors based on rare earth borates prove
to be efficient in terms of saturated confined emission,
wall-load factor, stability agains+ radiatior damage, 40
etc. These are made possible due to their rigid , C
3-dimensional network constituted by B-O atoms.
Rare earth borates based on Gd such as ortho borates
(e.g. GdB0 3), metaborates (e.g. Gd(B02) 3 ) and penta- I

borates (e.g. GdMgB5 0 1 0 ) have practical applications 20 ,

in gas discharge lamps, display panels [1], etc,/
GdMgB 50 1 0 :Ce,Tb also finds wide use as a green

component in trichrornatic lamps [2] for its lower \
concentrations of Tb ropared to other Ce,Tb doped - -
phosphors.

(,2. bNumber of samples of alkaline earth (M 
) 

rare M

earth (Ln 
3 .) 

pentaborate phosphors have been prepared 20

by varying thn Vomposition of Mf,, sensitizer (S 
Z B'

type, Bi or 4- 3d, Ce) and Tb as an activator.
Suitable proportions of starting materials such as ,
Gd 2 0 3 , Tb40 7 , H 3 B0 3 and MC0 3 (where M - Mg, i' ,

Ca, Sr, Ba) are mixed homogeniously and fired for
2 hours betwei 1000-f200*C after prefiring at 300'C 60
for 2-4 hours. The X-ray diffraction analysis show
the formation of pentaborate. Excitation and emission a
spectra have been recorded with the help of fluore- I
scence spectrophotometer (Hitachi 650-10S) with d
150W Xenon lamp as exciting source. 40

Excitation spectra of these samples exhibit
the correspondinp lines of Gd at 275 nm (8S- - 6)
and 311 nm OS-6p) and a well defined band cue
to the sensitizer (Bi or Ce). Efficient energy transfer 20 G

may be accomplished by various modes such as ,

i) sensitizer --- actiator iar
ii) sensitizer -- (Gd

tv ) 
--i ctivator

iii) charge transfer ban/(Gd ')n and/or -- activator -
250 300 350 400

It has been found that when the composition of WAVE LENGTH nm

Mt
2  

content is altered, CTB and/or sensitizer band(s)
could be resolved and appeared as distinct bands FigI Excitation spectra at room temperature

which enclose Gd
3  

lines as well, as shown in Fig.l (300K) in the UV region of Tb 1 emission
Also it has been observed that various modes of (547 nm) in

3, emsin a) GdISO 3*BimNNr%
energy " .,-'r lead to only one kind of Tb emission. (m%, Tls(!m%)
Appearance of sateiiie ies dkmi to other transi- (b) CdMg 5 0 10:1Bi(Im%), Tb(Im%) and
tions (other than predominant 5D4--'. 7F 2 ) a - (c) GdBaB5010:i(Im%), Tb(,%).

fied due to cross relaxation from higher 5D3-- 5D 4

states. Quenching of emission attributed to concen-
tration effects and modification of the lattice and

varsou transit.,.., due to Tb 
*

are discussed.
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ENERGY TRANSFER BETWEEN Pb
+ 

AND Gd3

N.'S. Killuan and G. Mlasse
Physics Lboratory, niversIty of Utrecht

P.O1. Non 801.000,1 35081 TA Uttrech t, The Netherlands

The sensitization of the luminescence of gadoli-
ia compounds bv the Pb

2 +  
on can be performed in

three differeot ways, viz. b Introduction of Pb2+ tol

Cd compounds (which requires charge compensation
influencing the Pb

2 + 
luminescence),by introduction of _ -. - -

Pb
2
+ and Gd3 in alkaline earth compounds, or by in-

troduction of Pb
2 + 

in mixed alkaline earth gadolinium
compounds. The three possibilities are evaluated Figure I
[1,21. Euergy transfer processes in gadolinium compounds

The first posoibility 's studied in gadolinium
borates. It is not very successful, since the Pb-

4

luminescence shows a large Stokes shift. This results
in a vanishing transfer rate and a low therm.I quen-
ching temperature. However, for GdMgBsOl

0 the results
do not seem too discouraging 131.

Th second possibility was recently reported in
the literature 141. Although the sensitization can be
efficient, the transfer to activarnrs is not, since
the Gd3 concentration cannot be taken hih enonogh.

The third possibility is the -ust promising in
order to obtain efficient luminescent materials. In
the ulotite svstem (Ba,Cd)1(P,Si)n

4 
1 this Is not1 43

yet the case. In the oxvnatite Sr2Cd
8(SiO4)(O 2however, the situation is optimal for efficient

luminescence if Pb
2 + 

occupies the 4f site. The trans-
fer ph2+-,d -Th (see fig.il occurs with high
efficienco. Part of the Pb

2 
ions occupy the ih site

which is out of resonance with the Gd emitting
level. If the Th concentration is not too low, the
total quantum efficiency is nevertheless high due to
direct Pb

2
+(6h) u 3 transfer. The Mn

2 + 
Ion is also

an efficieot activator in this lattice.
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298 K. In contradiction to what is normally observed,

LUMINESCENCE AND ENERGY MIGRATION the quenching is more pronounced at 4.2 K. At temper-

atures below 25 K energy migration occurs over the

IN (SrEu)B
4
0

7  
4f

7
(
6
P 7/2) level of the Eu

2 + 
ions. In view of the two

dimensional character of the Eu
2
' sublattice, the

decay curves of the Eu
2
± emission in the concentrated

system EuB 4
0? were analyzed using a random walk model

A. Meijerink, J. Nuyten and G. Blasse for two-dimensional energy migration (2]:

Physics Laboratory, University of Utrecht

P.O. Box 80.000, 3508 TA UTrecht, The Netherlands 0(t) - 1(0) * exp(-t/1
0 

- 0 * t
4

) (1)

where P depends on the acceptor concentration and the

donor-donor transfer probability. At 4.2 K a value of

Strontium tetraborate activated with Eu
2
+ is 270 s

-
i has been found for P. With an estimated accep-

known to be an efficient luminescent material at room tot concentration of 10
4 

a value of 107 8
-
1 for the

temperature, with an emission band at 367 o= [1). In rate of energy transfer between two nearest Eu
2
+
-

this abstract the luminescence properties of Eu 2+ and neighbors has been colculated. Inis is in good

the energy migration over the Eu
2
+ sublattice between agreement with the transfer rates found for energy

4.2 K and 298 K in (Sr,Eu)B
4
0
7 

are reported. The Eu
2
+ transfer between nearest Gd3+-neighbors at approxi-

sublattice in this borate is two-dimensional with Eu- mately 4 A [3), which is to be expected in view of the

Eu distances of 4.3 A in the ac plane and 6 A between si' rity in the electronic configuration.

the planes. The energy migration at room temperature occurs

At 4.2 K the Eu
2
+ ion, which is isoelectronic via the 4f

6
5d excited state. A large criLical distance

with Gd
3 +

, shows line emission at 363.2 nm due to the for energy transfer between Eu2+ ions of 25 A has been
4f7(6P7/2) + 4f7(8S7/2

) 
transition. At the low energy calculated. Although energy transfer over a large

side of this *emission line, well resolved vibrational distance is possible, the energy migration over the

structure is observed between 100 cm
- 1 

and 1200 cm
-
'. Eu

2
+ sublattice does not lead to strong concentration

This fine structure is due to coupling of the elec- quenching. An explanation for this observation is that

tronic transition with vibrational lattice modes, and in view of the large radiative decay rate and the

stretching and bending modes of the borate groups. The large transfer rate, there are very few efficient ac-

excitation spectrum shows at least two 4f (8S7/2) a ceptors, for which the trapping rate is large in com-

4f
6
5d transitions, in which the splitting of the 4f parison with the radiative decay rate and the transfer

configuration in the excited state into seven 
7
F rate. This is confirmed by fitting the experimental

levels can be observed. decay curve of the Eu
2
+ emission in EuB40

7 
at room

Increasing the temerature leads to thermal popu- temperature to the Yokota-Tanimoto formula, which

latlon of the higher 4f (6P
7
/
2
) levels. The maximum of describes the evolution of the emission intensity in

four 4f
7
(
6
P
7 1 2

) emission lines has been observed. The the case of three-dimensional diffusion limited energy

barycentre of the 4f7(6p
7
/
2
) level has been calculated transfer [41. A very low acceptor concentration in

to be 27,586 cm-I, which is relatively low. At temper- combination with a high value for the donor-acceptor

atures above 25 K, the 4f65d 4f ( 8S7/2) emission interaction parameter gave the best fit.

band can be observed. It has its maximum at 367 nm and In conclusion, the luminescence properties of

a small zero phonon line at 361.5 inm. The relative Eu in SrB
4
0J can be explained by an energy level

intensity of this band increases exponentially with scheme for Eu i which the 4f
6
5d excited state is

temperature. Above 100 K the line emission has nearly only slightly higher in energy than the lowest

vanished. 4f
7
(
6
p
7
/
2
) excited state. Energy migration over the

The thermal popuiation of the if65d level has a 4f
7
(6P

7 1 2
) level of Eu

2 + 
has been observed. Analysis

marked influence on the decay time of the Eu
2
+ emis- of the decay curves of the Eu

2
+ emission in EuB

4
07

sion. At 4.2 K the decay time of the parity forbidden shows that at 4.2 K the migration has a two-dimension-

transition within the 4f
7 

configuration is 440 Va. It al character and that the transfer rate for energy

decreases to 2.6 ±s at room temperature for the parity transfer between nearest neighbors is about 10 7 ,

allowed 4f65d 4f7(8S
7 2

) transition. The energy which is in agreement with values found for energy
difference between the 4f ( P 7

/
2
) level and the 4f 

6
5d transfer between nearest Gd

3+ 
neighbors.

level has been determined by fitting the temperature

dependence of the decay time to a three level model.

This yielded a value of 100 cm
-1

. The spectroscopical- References

ly determined energy difference between the lowest

4f 7(6p72) line and the'4f
6
5d zero phonon line is I. K. Machida, r. Adachi and J. Shiokaws, J.

130 cm . The latter value is probobly more accurate, Luminescence 21 (1979), 101.

since in this case no interference of higher 2. J. Klafter, G. Zumofen and A. Blumen, J. Physique

4f
7
(
6
P
7
/
2
) is involved. The difference in energy Lett. 45 (1984) 49.

between the two excited states of Eu
2
+ is the smallest 3. B.S. Kiliaan, A. Meijerink and G. Blasse, J.

reported up to now. Due to this small difference in Luminescence 35 (1986) 155.

energy, efficient mixing of the 4f
7
(
6
P
7 / 2

) state and 4. M. Yokota and I. Tanimoto, J. Hiys. Soc. Japan 22

the 4f
6
5d state occurs, which explains the low posi- (1967) 779.

tion of the barycentre of the 4f
7
(
6
P
7
/
2
) level and the

s. :.Jiative decaytime of the parity forbidden

4f7(6 p/2) - 4f
7
(
8
S
7
/
2
) transition.

Concentration quenching In Sr 
1
.Eu

B 4
0
7 

(x -

0.001 to 1) has been studied at 4.2 K as well as at
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ENERGY TRANSFER EFFECTS IN BETA"-ALUMINA the Ce+
3 
and Tb

+ 3 
ions by decreasing the Ce

+ 3

to Tb 
3 

ion concentration ratio.
L.A. Momoda, J.D. Barrie, B. Dunn #"-alumina crystals containing a mixture

and *O.M. Stafsudd of Yb
+ 3 

and Er 
+  

ions were also synthesized.
Department of Materials Science The occurrence of up-conversion was investi-

and Engineering gated by exciting each crystal at 970 nm.
Department of Electrical Engineering This wavelength coincides with the absorption

University of California, Los Angeles band of Yb
+ 3 

in f"-alumina. In these
Los Angeles, CA 90024 USA crystals, emission bands in the green and red

region of the spectrum were detected from
near-infrared excitation. These results

f"-alumina (Nal+xMgxAlll-XO1 7 ) is a well indicate the presence of up-conversion pro-
known solid electrolyte which has recently cesses in f"-alumina.
shown considerable promise as an optical host
material. Its ion exchange properties offer
a unique method for incorporating lanthanide REFERENCES
ions into an oxide material. Through ion
exchange techniques, the material is doped [1] M. Jansen, A.J. Alfrey, O.M. Staf-
after the crystal growth process. sudd, D.L. Yang, B. Dunn and G.C. Farrington,
Consequently, problems such as compositional Optics Letters, 9 (1984) 119.
inhomogeneities, valence instabilities and
strain formation which are commonly induced (2] B. Dunn, J.O. Thomas and G. C. Far-
by traditional crystal growth techniques are rington, " Beta'-Alumina: A Solid Electrolyte
avoided. The low temperature ion exchange As A Solid-State Laser Host " in Spectral
process has been used to synthesize optical Properties of Solid State Laser Tve Materi-
quality f"-alumina crystals containing many als, ed. B. Di Bartolo, Plenum Press, New
of the lanthanide ions, including Nd

+ 3
. York (1986).

Previous work has shown that single crystals
of Nd

3
-"-alumina exhibit laser action at

1.06 pm [1,2].
We have now developed techniques for

exchanging two lanthanide ions simultaneously
into the O"-alumina structure. The dopants
are homogeneously distributed throughout the 080

crystal and the relative ratios of the ions
are easily controlled by the composition of
the ion exchange melt. This new synthesis
approach has enabled us to observe energy
transfer in #"-alumina crystals doped with
Ce+

3
-Nd

+ 3 
and Ce+

3
-Tb

+ 3 
couples. The use of

ion exchange allows us to investigate the c

effect of varying sensitizer-to-activator _

concentration ratios on the transfer pro-
cesses.

The occurrence of energy transfer between
Ce

+ 3 
and Nd

+ 3 
in 9"-alumina is evident from 000 o20 3 M0 30

the excitation spectrum of the 870 nm emis- Wcveegt (r)
sion band of Nd

+ 3 
(Figure 11. The excitation

spectram of the Ce+
3
-Nd

+ 3 
crystals has an

additional broad excitation band characteris-
tic of Ce+

3
. Furthermore, evidence of radia- Figure 1. The excitation spectrum of the

tive transfer is seen in this system. Dis- 870 nm emissina from Ce4
3
-Nd4

3
-,9u1alumina and

tinct minima are observed in the Ce
+ 3 

emis- Nd+
3
-O-alumina.

sion band of the mixed crystal and the posi-
tion of the minima correspond directly with
the absorption bands of Nd

+3
.

The transfer efficiency of Ce
+ 3 

- Nd
+ 3 

as
a function of the sensitizer-to-activator
ratio was investigated. It was found that by
sufficiently decreasing this ratio, transfer
efficiencies on the order of 90% could be
measured. An increase of intercationic dis-
tances between the sensitizer and activator
was also achieved by reducing the total
amount of trivalent lanthanide ions in the
crystal. Preliminary studies show that
energy transfer between the two species can
be eliminated by increasing the intercationic
distance to approximately 10A.

Similar studies were conducted on the
Ce+

3
-Tb

+ 3 
couple in "-alumina. Evidence of

energy transfer in this system can be seen by
the appearance of an additional broad band in
the excitation spectrum of the 540 nm emis-
sion band of Tb

+ 3
. Consequently, the pres-

ence of Ce
+ 3 

was found to enhance the excita-
tion of Tb

+ 3 
in the region where the weaker

4f-4f transitions are present. As was found
in the Ce+

3
-Nd

+ 3 
system, high transfer

efficiencies could also be achieved between

829
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STUDIES OF THE FIELD DEPENDENT pH. the E for the redox couple lies in the mid-gap position and no
PHOTOI.IMINESCENCE OF ,-GaAs ELECTRODES WITH El. is expected.

AND WITHOUT COBALT FILMS
The effect of band "rending (field) on PL is shown in Figs. Ic.

SI. Ahtsedt
. 

J. Leduc and I. rrudel 2a and 2b. The FL intensity is high when the bands are bent down
(Fig. 2a) and decays exponentially as the bands are bent up

Canada Centre for Mineral and Energy Technology. gradually as electrons and holes are separated by the application of
Mineral Sciences laboratories an electric field in the reverse direction, with the photoholes

555 Booth St.. Ottawa. Ont. KIA 0GI. Canada accumulating at the surface. This PL is attributed to bulk
recombination. and fits a "dead layer" model. If the electrode is

oheld under photoanodic conditions for some time to allow oxidation
of the surface to take place by the photoholes according as;

Studies of photolitnescen[ce (PI.) anti electrolninescersce
(I'I ) of setriscondlsctor (Sc) electrodes in plotoelectrochenical
(lf'lC) cells are coitplenentatry teclhniques that cast provide GaAs + sh'+tOH- GuAs(OH)n or [GaAs(O-)n + nl'] . (1)
itllorsrtatio ns ony basic surface antd interface processes such las
hole (') injection. c' - h* recombination either directly or via
surface states in competetion to photooxidation and photoelectron
transfer processes. These processes determine photon conversion and the field is subsequently reversed in the forward direction, then
efficiencies and phosodissolution or stability of the electrode. Earlier a burst of PL is observed (Fig. 2b) at -04V past the tbp (cathodic)
studies have shown that PL due to bulk e--h' recombination in i.e., after a downward band bending of 0.4 eV. The photoinduced
n-GaAs electrodes follow a 'dead layer' nodel (1), For surface states lie at 0.4 rV below the conduction band edge (bands
photoanodically oxidized surfaces of GaP. Nakato et at (2) have bent up) and have been reported (4-6) to result in an increase of
reported PL bursts during a cathodic sweep, just past the flat band photocapacitance. The PL burst (Fig. 2b) itself occurs as a result of
potential (fbp). This was attributed to recombination involving the the photoexcited electrons (e- *) being captured in the reduction of
trapped photoholes between the Gap surface and the oxide layer. she surface oxide in competetion to the electrochemical transfer of
These photoboles are precursors to photodissolution and other electrons from the conduction band (c.b) (7) according to Eqns 2
photoelectron transfer processes. However. a detailed mechanism of and 3. while the photoholes combine with e3 b.
de-trapping tie trapped photoholes is far from clear.

In the present work. a comprehensive study of the bulk and
surface Pl. di e to trapped photoholes. if any, was made ors n-GaAs GaAs(Of,+H+e-/e GaAa(Om5 , 5 +0 (2)

with and withOUt a 10 nnr thick cobalt filer In a previous study (3)
it was liown that a thlin Co filim deposited oil n-GaAs prevented slie
latter front pltotodissoltion. Effects of band bending, sweep rate ne/n,
and presence of ferro/ferricyanide redox couple on the PL have also GaAs(OH)er - GaAs(.)n . in steps. (3)
been investigated.

Further reduction of GaAs surface to hydride is reported to occur
1 d by hole injection in the conduction band (8).

A phlslett ricrenrical cell. cosistinttsg of antt-GaAs (iii IreThe trapping/detrapping of photoholes and hence the PL can
A) workingelectroelilllCOnting elecode an -asturatehe nsodulated. resulting in one or more PI peaks by using differentcluet xsrefiren electrode p asUtr un ter ectendsatu d rates of potential sweep. Ferro/ferricyanide is found to enhance the

cronldtel reierence electro lye t was sed u snr poteniostatic PL due to surface recombination involving detrapped holes while the
conritions. Tise irTiffer electrolyte was KaSOr at pH 9.2 n cobalt film suppresses it. The surface deposited cobalt probably

acidified 
1
a2

0 
solution. A c.w. lue-Ne laser beam as 633 nm. serves to capture the surface trapped photoholes by donating its two

choppied as 89l0tiHr. wA u .- esedrforcitation a t l sperut 4s electrons and possibly a 3d electron, thus reducing the PL
w choedt890H, wi as usred-s formexcionocrandthr cPled sou a(Fig. 3a and 3b) and also preventing photooxidaron and dissolution
was recorded with a Jarrel-Ash monochromiAtor coupled to a of the surface. Alternatively. cobalt may "kill" the visible Pl, byphotomuliplier tube. using a lock-in technique. A 10 ans thick proeoting non-radiative or ir-radiative recombination of the e- -hcoball flmh was deposited onl tile GaAs its described earlier (3).parbyitoungte 3dmuiycnesinheufc.
Effects of lerro/ferricyanide. band bending (applied voltage) and pairs by introducisg deep 3-s inpurity centers in the surface.
sweep rate were investigated at a fixed wave length of 853 net (PL
peak) The lbp of GaAs at pH 9.2 was determined from the
Mosr-Schosky plots of the inverse measured capacitance vs
potential. I. Hobson. W.S. and Ellis. AB.. J. AppI. Phys., 54. 5956 (1983).

2 Nakato. Y.. Morita. K and Tsuhomura. H . J. Phys Chem.. 90.
Results and Discussion 2718 (1986).

Phosolumirnescernce results when photogenerased holes 3. Ahmed, SM.. Leduc, J. and Hailer. S.F Ettended Abs #85.
recombine with electrons (e-) in the conduction band. Figure la Ele(trochem. Soc. Fall Meeting. Oct. 1985 (Las Vegas) p 515; to
shows the Pl. spectrr at -1.2 V SCE or 0.4 eV upward band be submitted to J. Electrochem Soc
bending (lbp = -I.6 V SCE at pit 9.2).

4. Vanmaekelbergh. D.. Gomes. W.P. and Cardon. F.
The peak observed at 1.45 cV (853 nm) for the silicon doped Ber.Bunsenges. Phys. Cheer.. 89. 987 and 994 (1985).

sanple of GaAs. with a carrier concentration of 3.S x 1I8ctn . is
.rssigned to band-to-band (tail) transitions. The deviation of the 5. Wolf. B. and I.orent W.. Electrohtmita Acia, 28, 99 (1983).
peak position froms the standard vale of I 43 eV f= 867 nn) to
I 45 e\. is artritled to carrier concentration >10 x 1IC 'fis. At 6. AIlongue, P and Cachet. If.. J Flesrocthenr So.. 132. 45
300

5
K. free electrons rather than tie deep levels Of tile conduction (1985) and references therein.

band tail are involved in tie recombination process
7. Gerischer. H. and Mattes. I.7 Phtsk Chens. Near Folge. 49.

[Ire ctrro/ferric.aide couple had no effect on this PL. (ise to 112 (1966).
husik rectbination)r as shown irs Fig lb arsdi no El. sue to hle
injection by the ferricyanide could be detected at pit 9.2. At this 8. Benard. D.J and Handler. P Surface Scietce. 40. 141 (173)
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A Comparative Study of Photoluminescence and For the Cr-doped SI GaAs, PL was unable to
Selective Pair Luminescence in GaAs identify any specific impurities, but SPL

confirmed that Zn and Si were the major
J. R. Cavins, Y. K. Yeo, and R. L. Hengehold impurities. For the VPE GaAs, PL showed Zn

Air Force Institute of Technology was the dominant impurity with a small amount
Wrioht-Patterson Air Force Base, Ohio 45433 of C and Ge present, whereas SPL showed not

only the presence of Zn, but also that of Mg
The technique of low temperature and Si impurities.

photoluminescence (PL) has been widely used
for characterizing impurities and defects in These results clearly show that the SPL
semiconductors. Application of this method technique provides for very sensitive,
is relatively straightforward and capable of unambiguous acceptor identification compared
producing excellent results if samples are to the PL technique. It is, however, not
of good quality. The PL method does, how- without its limitations. For example, in
ever, have some limitations in the detection some cases SPL will fail to show the ipresenc,.
and identification of impurities, especially of impurities seen in PL. A case in point is
in the case of somewhat less perfect crystals. the presence of Ge and C in the VPE sample

seen in PL but not in SPL at an excitation
As an alternative to the use of PL for energy of 1.5112 eV. One might conclude that

characterizing impurities in semiconductors, SPL and PL techniques can be complementary
one can use the method of selective pair and used together to produce a more complete
luminescence (SPL), a method which has been picture.
developed relatively recently. Whereas in In the SPL spectra, the positions of the
the PL technique, an above-band gap laser luminescence peaks are found to be nearly
energy is used to excite electrons from the independent of the excitation laser intensity
valence band to the conduction band, in the for a change in laser intensity of two orders
SPL technique, a tunable, below-)and gap of magnitude as long as the excitation energy
laser energy is used to selectively excite remains the same. However, as the intensity
the donor-acceptor pairs of interest. SPL increases, the SPL peaks become less sharp.
thus allows the precise determinatio.- of the On the other h~nd, in the PL spectra, as the
energy difference between the acceptor ground excitation intensity increases, the D-A pair
state and its excited states and can be used transition lines shift to higher luminescence
to identify different impurities. SPL energies and an appreciable narrowing of the
usually can provide an unambiguous emission band occurs.
identification of the acceptors, and
furthermore it is capable of doing this even Although the octimum SPL spectra are
in less perfect crystals. obtainable at the iowest temperature of 2 K,

a considerable amount of SPL intensity can
In the present work, both P1 and SPL still be obtained even at temperatures as

measurements have been made on liquid- high as 10 K. In this regard, the general
encapsulated Czochralski (LEC) bulk-grown temperature dependent behavior of SPL is very
undoped GaAs, horizontal Bridgman (HS) bulk- similar to that of PL. Thus the temperature
grown Cr-doped semi-insulating (SI) GaAs, and restrictions upon the observable SPL are not
an undoped vapor-phase epitaxial (VPE) layer as critical as has been generally
of GaAs grown on a Cr-doped SI GaAs anticipated. However, in the SPL spectra,
substrate. Measurements were made as a the positions of the luminescence peaks are
function of pump laser energy, excitation nearly independent of sample temperature as
I ser intensity, and sample temperature, a. long as the excitation energy is the same,
the results have been compared with each whereas in the PL spectra, the D-A pair
other. transition lines shift to higher luminescence

energies as the sample temperature increases.
Photoluminescence measurements were made

at 4.2 K by immersing the samples in liquid As far as dependence on excitation laser
helium. The pho oluminescence jas excited by energy is concerned, it is found that the
either the 5145 A line or 4880 A line from an structure of the SPL spectra is very
argon-ion laser. The selective pair sensitive to the pump laser energy.
luminescence measurements were made at 2 K by Furthermore, some impurities can be easily
immersing the samples in liquid helium and observable at certain excitation energies and
then pumping on the helium. The samples were not be visible at other excitation energies.
mounted on the cold finger in a strain free Thus, selection of the pump laser excitation
manner. The below-band gap excitation was energy is very important to finding an
provided by a tunable dye laser pumped by an optimum signal for a given species. In other
argon-son laser. The emission spectra were words, the great advantages of the SPL method
analyzed using a 3/4-meter Czerny-Turner can not be realized unless the SPL signals
spectrometer, and detected with a cooled RCA are optimized.
31034A photomultiplier tube.

In summary, the SPL technique can provide
The results show that the SPL technique in most cases an unambiguous impurity

is very sensitive, and capable of identify- identification far better than the standard
ing acceptor impurities which cannot possibly PL method. In this paper, the SPL technique
be resolved or even detected by the PL method, has been applied to several samples of GaAs
From the LEC sample, only C and Si impurities and the various experimentally observed
were identified through PL, but Zn was also excited states of C, Mg, Zn, Si, and Ge
detected a additional impurity using SPL. acceptors are reportec.
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Redf emission was also obtained for hetero-

E[JUROLKINLA--" SPCIV OilCd~/Zn''ejunctionstwith undoped or phosphorous doped
62rlEuJN~nfl1SP6~ffA a(~S/Zrl'eZnTe substrate. For these samples, the

If~r~aaJUWTIONelectroiuminescence spectrum consists of two
bands at 1.93eV and 1.65eV. The higher
energy band is relatively close to that due
lo that due to oxygen in ZnTe. hlowever, the
FL spectrum of the ZnTe substrates is in the

Shawqi A*UhAL green region of the spectrum. Therefore, we
exclude the possibility that the observed
emission oand is due to oxygen. On the
othier hand, the energitic position of this

avtp. of Phsis U iversity of Bahrain band is higher than the energy gap of Cdhe.
Therefore, injection of carriers in CdSe is
also excluded. If the evaporation period is
sufficiently long and the processing tempera-

P.O. Box 1082, Manaman, IWRAIN ture is relatively high, the diffusion of
impurities, zinc and selenium from either
sides of the junction could result in the
formation of an intermediate hijh resist-ive

EXTENDED ASBSTHACT layer of CdlnxSel-x. This result was
confirmed by SIMS analysis. Consequently,
the observed emission at 1.93eV could be

1'his films of rdop-cd or irdiu, dopedf CdSe attr ifuted to the radiative recosTbinat ice o Uf
were d' posited on undoped, phosphorous or car tiers in an intermediate region. The
oages defied subst rates of -oTe using a 1 .9 f cV transit ion was not observed in the K
.Eu'llmat irt tech::: :fL;' (1 1. The photo- s1.ect ra of either the CdSe layer or th", S ste

.ii eses. Pl,) spectra of Cd~e and linTe suos;t rate. A possible explanat ion is thnat
orte reourfod and ciimfpared with the elect to- fhre ah::ve oand arises also ftrim radi:at ire
fur-tuescenee fF11) spe-ctra obtained for the transitions in an ien edn-a'le region.
Seterojusetion in the same range of tempera-

R EFEREINC ES
A -ree ecmission was oi't ii ned for Cd~e/ZsTe
hi. t-roisntiesis witfi eitfher undofed or AI-DIATIAf. S ., Phys. Sol. (a) 44, 183 f 1947-1 .

t!-selioro is fetid ZuiTesef'at' e 'r

';f:ra',tfie rfcroisssec . tw.Ma.Coumrntt'' of Mt. Sic . AIlfi,
lfffspectruim consists oif seve~ral pe -aks 1a 'r-iciseco, U.S.A. I 1971)

it:: toil .uppromimat''fy at 2.28, 2.3] and
2. 5'?. The [osit ion of the peaks was Fiounif ;KFA ".andf GSHA!Al. A., iryst. l-art. 'ef.

lo'1 il-pi::lnt on tfhe trxcitat ion current fol l"'55 197"f.
,in:]t's'rtr' Tfhe transitioins involved
ar'' at tr ilrater r: n:t i ye or tesidtia
diI 't el [ 'l.Te fl-:lA spectrum oblaitici
fir: fi't-rojinrt ur with ihospfliirius doped'i
safe: rae's ions: sts of a non p.hotion't i(Af)I
racimtiion cf'nl'-rd approximately at 2.31(eV

and a Second transition (Bf appearin,4 at
hilbhr energlies (2.3l6,Vf). fhe fAf transi-
tion is 'itt i fisted to the recomb~inatiot: oif

iriili~t-ci n)anif 'hic trims withI holes at an
a-ciltor level , wfhcrreas thfe ( Elf transi tios
ii; ittrihu-d' to:,'-,ctrons at a lonnr'r lfv'']
r-'oiiiiiit' with holes at the valence bianid

mc r-1 em: snion wus otiirId for fietero[an:-
iris': witlh oxyl''n clf'' ZnI': 'afst rait es 'fli'

'ccii'iriii e'i!eistr; of a transit ion at I .986eV
of fowecl 1,y a srir:' of Ilbo::onic replicas,

a' 2 1me V intervail,;, appe-ar in at tower
Thisi's '1c spectrum is identical to time

5cr nI am: sesc:'ncr' (PL I'l pect rum we have
lilta mcnfd cit nixyq;'ii doped'i ZnT'' an'] is guml,

di ff''r''nt f rom the Pl. siect tiit r:'eiriled liii
hI- C' I.1' lay-'r . A, ari :iclu':eic. 1 'oou

a'lr'''ini wis icftaineil f::tneen time 1:I.
+-1? ra of If:'' CIf:.'2nT,' hc'ter::jn fiti :inI

,!, .Pl i the ' i.n'e. sisr:: i:: iil r' iiaq that
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Abstract N-. 577

S'A-;C..Ii: Er. ENAMEhL FLCPLINAS.*TDSPLAY 0 t:.sh 4-.. !L -~~ -V 6 Iat the ja-
rnoi of bi~iioii so~ar ce is 1 lixe to-Let-~r

Nu Chou-jen with tne m~agnet to be rotateu sits t ars*
1Department of 1hysics, Snansi Teactiers' tu,asrds the sun.
University, Li,.fen, Cransi. China

CONCLUSION
tar, Sheng-ming and Nu) En-curie This sun-powered enamel-typo EL aispie.,

lepartm~nt of Physics, Jhansi Esucation device 5 ith variaclc emission CUIoUrS,1;. com-

College, Taiyuasn, Shansi. Cnina bination *itn tire isportait unit C, has great
reliability indefiinite life expectancy in op-

1 . INTRGM!'TIL'N eration; It car. be uses not ,,i in tne rai.-

This paper relates to a novel sun-puweres way jui.c t±~n ai~a In any otner traffic roa;
enrrel-type eiectrolut,it~eacent, h L ) uisplay nctior., but also can be used in sir:n altituso
device with variable emission colours which, ar.si nan-xmacc sateilite.
in combination with arrays of sii-ic~n solar
cells, a tnerm. ~gnutic element, a set of Ag- -efereinces:
Zr. accumulators ena ar. electrical titier-in- 1 , .A. Vlaseinku, Lispiay. -uly I cc,_
verter, can be automtatically played an impur- 2.Hans Toftlunu, Am. J. Fi,. .an.l.t,
tent role as a safety si,:nal ii, tne country- l P.--
6iae railway unction. Tfie cu.ilete nihce sy- 3). Sierfxle 2  ) Hob, ,s~~itr1l
stemt iz series as shown in, Fieure 1. 'u;c5)is

1.CCNSP1.U~rLN ANDT nPERAriQN
Unit A is an enemiel-type EL aisplayaevic0

with variable exiasior, colours on botfisurfac-
os wherei. a layer of EL rsat-rial ZnS:VMn- or
Zi.S Er-film which is fires or oep~siteu Let-
wool, two electroas, c., of them to lug semi-
.ransparen.t emission; both alec troses havinL
a nig:h reflection coe-ffic'ient ala eltission.we-
velenth with a given colour.The iinterferenceA - c
relationship is giv~n by tte foa lowsg~e expre- D

ssion ,1x op=(m+(I+o)2

wherel d is the thiceneas of 2n ufbn
is tne reflttion index, S as thie viewing angle
,f the output emission, n. is the interfererce Figure 1.
orser , )o> is tne exissioi. waviength , 01, ens
9 are the phase jumps occarintg wnei. tne emi-
slon is reflectes from trie electroses. It is
obvious that by a small variation of the EL
film thickness 5, one car, obtain a coosur Cs1-
alrce frur groan ( 55 oL oran~ge (5c 5,A) to roe
(64ooA). Therefore agreen or red signal or, POLE PIECE RN
both surfaces of the enamel-type EL displayIN
,Jvlce can occur a aefinite position in tne G PIVOT

railway junction.

U'nit E consists of an electrical timier-
ii,verterans a set of small Ag-Zn accumuiators MAGNETWC US-ES
in high capacity. The bri~htri.,5s evtei anu the OF FORCE
time In n See of unit A In tie railway junction SCREW
car. he exa.tly controlled by tie tiaur-irnvor-
ter. Trre power is supplied by the Ag-Zni accu-
mulator which can, be charges by trie silicon'
solar cells. Figure 2. The tharmomagnetic element

r1nt C, a grouap of silicon aular cells Lzv
distri ruted on a thin panel which is couplee
witt) a tnermolatnotic olerez, t. Ech cell app-
ears a rec tangular wafer' an-Ut J. o5 CU. thilc
usaal I cn. x 2 ca.. ir, size, power atp..t In.
ir. gerneral deponris or, the rinbtr of' series /
par;.il, l cells uses, hore is coinsioee to be
combined witn Ag-Zr. accar~iat~r6; 'The thermo-
magnetic element nas a loing-srraloo piece rag-
net is pivoted to rotate *I thin a plastic ring
wnxch, a ferrite can be used, is coates witi, a
low-curie temrperature rare-earth metal gauo-
liniux. powoer cuatinr: (T,; y, 2'4)2- aruer, ir.
ICUic e . tu-st oi.Krt urews). Thus roj.g nab
aperm.jabxl xty tnot falls with tembpe rat,,e. It
%1so exibits a low-curie temperaturo at which
pormfeatlity reacnes unity.The magnet can rest
in ary position whi, the ring's tex~perature ib
unixform.. Lurirg the sui-lignt striKes 05, trio
rinil shoer. as arrows, tne ares S becomes nuon-

:r1.ic c t:.orefore trio mari~et rotates to t:,(



Abstract No. 578

Ranoom Alloy Effects for Fe in GaAsP scope with uncertainty less than 12*

Pin Hong, ;isheng Huang The experiments show that, for i'e

Padlio-Eiectronics Dept. Beijing Poly- centers in GaAsP, the thermal transient

fechi~ic Univ. Beijing, China 2sio curcsrvco a. c nnXosti., '8it

.hese nonexponential thermal transient caps-

Abstract citance curves ann LLUS with the iooei of

deep level Gause broadening caused ry tsse

The 111-V ternary alloys have been alloy disorder effect and obtain; (1) the

proven to he the extremely exciting techno- thermal eaission rates of hole ior central

logical materials in luminescence, laser level after oroaaenin6 and their :emperature

and cicroelectronic Levices. Aecently, uspendence etc(I ), (L) the level Gause
P0

increasing attention has been paid to the oLaaeninb .iatts wi.ich ts~eir relation wits,

dep centers in these alloys since tneir compositions B(x) is consistent ith! tibecre-

main electronic properties vary continously tical preaiction of .1x(l-x) -irom Arrhenius&

with their compositions. We report here on ilot 1et,/T 
2
_1/, ,, the zn~rmal enthaipy

the investigations of the ranaom. alloy chanbeb on composition ..epsndence H_,(x)

effects on Fe-accepter center in GaAs? for curing i.ole transition were aeter.cinen. it

large range of composition, is found -.hat h P(x) are aistinctly ciffe-

rent from the Gibos :roe energy cnanres

Iron is one of the most frequent 3d G P(x) obtained by the 1-otocapacitance tran-

contaminants in III-V coapouna. It is sient method. Values of H P(x) uecrease at

known that, in GaAs and Gap, iron introduces first end then increase 4ith increasing co--

rather deep centers and the measurements of iositions.

optical and thermal emiesions of Fe center

correzp~~sd to the nole transition Fe
3 
.-.Fe

2
+ by calc.clsting the entropy changes

according to the ixperimental results of during hole transition 1, (x), it is snown,

ZSR, optical absorption, paotoluaminescence ior x=G and x=1, the acceptor states of Fe-

and DLTS, etc. GaAs? is the alloy of GaAs c~nter are antibond-ing, u for J<x~l the

and Ga.P. In GaAs?, Fe deep centers have more bonding states are chanc ed. '6sing the values

complicated properties, of H P (x) and S p(x), our :urther calcula-

tion 61nows, tnere is the evidence for laL-

Samiles uisso here were j,.n uioucs. The tics relaxation induced by al~oy aisorder.

GaAs? layers were 6rown by MOVPE and the

iron impurity concentrations were selected

in the range of "Fe/NDG'-" "he composi-

tion x of each sample was measured by aicro-

,robe analysis in a scanning electron micro-

837



Abstract N . 579

A leddicon target sensitive in There are many applications for this target/tube

the lOt0-2Onm waveband. in small T.'. cameras. These include: active

night vision, Ll and laser imaging, fibre optic

G P Hlopkins and D G Swain inspection, observation of defects in semi-

conductors using polarised 1.R., thermal imaging

E.t.V. Co. ltd. at temperatures ahove 150C and aerospace

applications.

106 Waterhouse lane
Chelmsford Essex It is desirable to achieve greater sensitivity

England 1K beyond 200Ont where there are more laser imaging

applications. Here it will be necessary to

improve on window and lens materials for higher

transmission and M.T.E.

It has been known for many years that the addition

of sulphur to a lead oxide photoconductor extends

the spectral response from the intrinsic long

wave limit of 
6
50nm into the red and infra red

regions (Ref I). Previous attempts to produce an References

infra red Vidicon device working beyond 1000nm
and very recently up to 2"700Onm (Ref 2) without I. W lleiman, C unze "Infra red Physics" Vol 2

target cooling have been fraught with problems of p179 1q62.

high dark current, poor shading, blemishes and
general instability. 2. T Kawai, K tuga, K 'uramatsu, T Itaka, K Atsumi

and R Nishida. "9th Syoposium 00 Photo-

This paper describes our efforts to develop a electronic Image Devices" Imperial College

Leddicon type of target (Ref 1) achieving high London September 1987.

sensitivity between 1000 and 2000nm while

Maintaining low dark current, low lag and 3. G P Hopkins 173rd K'S meeting Las Vegas,

acceptably good shading and stability. The Nevada October 1Q81.

performance of the target which is now comercially
available in I inch and ? inch tube sizes (Ref 4) 4. R" P8029 series technical data sheet.

depends on the target and tube processing

parameters. The critical areas here are the lead
oxide evaporation through a gas atmosphere
followed by partial sulphurisation and the
formation of a semi-blocking contact; for which
proprietary techniques have been developed.

A shift in the intrinsic PbO bandgap energy from

1.9eV down to 0.8 - .eV gives rise to the

extended spectral res, tse as indicated from the

measured absorption e s at 1bOOnm and 2000nm.
The colour of the layer changes from yellow/orange

to black. A total conversion to PbS would shift
the band gap energy to 0.4eV with the absorption

edge nearer SOOOnm but this is undesirable since
the resistivity is too low for normal Vidicon type
operation. S.E.M. and X-Ray diffraction studies
show that the PbO retains Its platelet structure

but with modifications depending on how much sulphur

is introduced. For large amounts it is likely
that a ThS "skin" is formed on the platelets

causing a change in their size and shape throughout

the depth of the laver.

Layer thickness and applied voltage are two

important factors in determining the profile of the
electric field within the ta-get. Hfigh fields mean
higher sensitivity and resolution but the consequent

higher dark current degrades picture quality,

shading and transient effects. These factors are
adjusted therefore to give optimum performance and
long tube life. Typical amplitude response with
495 volts applied to the target is 11K at 4OOTV
lines with a limiting resolution of hetter than

600 TV lines. Dark currents are usually kept at
- lOnA with overall shading etter than 3Y,.

[or short exposures the decay lag after 3Ty fields

is typically 50c, of peak signal. Longer term image
retention is problematical for tubes with the

broadest spectral response, where extra charge
trapping occurs around regions of high sulphur

concentration in the laver.

SC. m mn I ml mB m mi
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Abstract No. 580

AVALANCHE MULTIPLICATION OF THE PHOTO-GENERATED Hole and Electron Ionization Rate
CARRIERS IN AMORPHOUS SEMICONDUCTOR AND ITS

APPLICATION TO IMAGING DEVICES The hole and the electron ionization rates (pand

cu) have been calculated from the thickness
dependence of the multiplication factor. The

S. ISHIOKA, Y. TAKASAKI, K. TSUJI, T. HIRAI, results are shown in Fig. 3.

K. TANIOKA*, J. YAMAZAKI-, K. SHIDARA*, AND
K. TAKETOSHI* Both N and (5 have the following exponential

dependence on I/E:

CENTRAL RESEARCH LABORATORY, HITACHI, LTD.,
KOKUBUNJI, TOKYO 185, JAPAN a, = 3.8 x 107 exp (-1.5 x 10

7
/E) cm-

1

*NHK SCIENCE AND TECHNICAL RESEARCH LABORATORIES i3 - 8.8 x 106 exp (-8.7 x 106/E cm
1

SETAGAYA, TOKYO 157, JAPAN for 1.0 x 106 V/cm < E < 1.5 x 10 V/cm

The ionization rates of a-Se obtained here are re-

Amorphous photoconductive materials have many plotted w~th those of typical crystalline semicon-

advantages in imaging applications. Various ductors 21 in Fig. 4. The large ionizations
types of imaging devices, such as SATICON , in a-Se occur only at very high-electric fields,
a-Si vidicon, and two-story solid state imager, even though the band gap Eg of a-Se is smaller
have been introduced. Recently, we discovered a than that of crystalline SiC.
new phenomena of avalanche carrier amplification
inside an amorphous layer, and confirmed that it The ratio of the hole and electron ionization

was very effective in obtaining extremely high rates, K=f3/o
k 
, reaches about 100 in the field of

sensitivity in imaging devices, Ixioh V/cm, several times larger than that for

typical crystalline semiconductors. This result
Avalanche Multiplication indicates the possibility of a very low noise

feature in multiplication. The large ionization
Figure 1 shows the structure of the sandwih- rate for the hole current is suitable for the
type a-Se sample used for our experiment . vidicon application.
The semi-transparent Cr is used for a light
incident side electrode and Au layer for a top Application to Vidicon Tube
electrode. The very thin impurity-doped mostly Se
layer was inserted between the Cr electrode and A blocking-type target structure for high-field
the a-Se photoconductor which has been very operation was carefully designed for a-Se 3 dicon,
effective in preventing hole injection from the Cr and avalanche mode features were examined

electrode. As/Se junction forms the electron Figure 5 shows the typical images which were

blocking contact, reproduced by the avalanche-type a-Se Vidicon and

a conventional one under the same illuminated
The a-Se layer is biased so the Cr electrode condition. In avalanche-type a-Se Vidicon, the

side becomes positive, and the sample is sensitivity as high as quantum efficiency greater
illuminated by the monochromatic light of 400 than 10 were obtained, and the low noise feature
nm. The current-electric field characteristics with excellent uniformity were confirmed. In

for various film thicknnsn are shown in Fig. 2(a) addition, high resolution property, which is a

and (b). great advantage of a-Se Vidicon especially in a

High-Definition TV System, was retained under
The incident light is absorbed in the a-Se layer these conditions.
within a depth of approximately 50nm from the
illuminated side. Therefore, the photocurrents References:
shown in Fig. 2(a) correspond to the hole initi-
ated currents, and those in Fig. 2(b) correspond 1. K. Tsuji, Y. Takasaki, T. Hirai, J. Ynamazaki,
to the electron initated currents. With K. Tanioka, 19th Conference on Solid State
increasing the electric field, photocurrents Devices and Materials, Tokyo, Japan (1987) 91
increase and tend to saturate to the level where
the photoconductive quantum efficiency reaches 2. S. M. Sze, Physics of Semiconductor Devices,
almost unity. The conventional blocking-type 2nd Ed. (John Willey and Sons) New York and
imaging devices are operated under this condition. London (1981)

It is shown that if we can apply the electric 3. K. Tanioka, J. Yamazaki, K. Shidara, K.
field higher than some value around io V/cm, Taketoshi, T. Kawamura, S. Ishioka, and Y.
the photocurrents rapidly increase again. The Takasaki, IEEE, Electron Device Letters,
photoconductive quantuip efficiency is about 40 at EOL-8 (1987) 392
the field of 1.35 x 10b V/cm for the a-Se layer
with 2 um thick.

The rate of increase of the photocurrent in this
region is the more rapid for the thicker a-Se
layer. On the otherhand, the dark current doesn't
show such an increase. These features indicate
that the avalanche multiplication takes place in
the a-Se layer.
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Abstrac' No. 581
wafers. SPV ,easuiments were also made at the back of

THE EFFECT OF HEAVY METAL CONTAMINATION the product wafers. These results were similar to data
ON DEFECTS IN CCD IMAGERS; CONTAMINATION obtained for the control wafers. SPV measurements

MONITORING BY SURFACE PHOTOVOLTAGE provide values of minority carrier diffusion length
which are inversely proportional to the square root of
heavy metal concentration. Since this method does not
require any substrate preparation, and measurements are

L. Jastrzebskl, R. Soydan, H. Elab* very fast, it can be used as a routine Q C tool to monitor
David Sarnoff Research Center changes in the heavy metal level in the processing line.

Unfortunately SPV does not provide any identification of
Princeton, N. J. 08540 the heavy metals. DLTS measurements were used to

identify the heavy metals. Also, additional measurements
W. Henry, E. Savoye** of SIMS, spark source and NTD were carried out but thecontamination levels were usually below the detection

RCA NPD, Lancaster, PA. limit of these methods.

INTRODUCTION RESULTS

One of most challenging problems of VLSI The localized material related defects in CCD
technology is fabrication of large area devices free of imagers were caused by precipitates, stacking faults and
localized defects. This is particularly important for dislocations. As shown in Table 1, the electrical activity of
photosensitive mosaics such as CCD imagers. The majority these defects varied significantly. Two levels of electrical
of point and line defects observed in CCD displays have activity were usually observed for each defect type. These
involved a malfunction of one or more pixels. These levels could differ by as much as two orders of magnitude.
failures could be caused by defects present in the We believe that this difference is related to decoration of
superstructure (oxide, poly or metal) or by crystalographic defects by heavy metals. The decoration
crystallographic defects present in the silicon substrate, process is a strong function of heavy metal concentration
The generation process of crystallographic defects is a in the processing line, which was measured by
complex function of processing conditions and silicon monitoring with SPV values of diffusion length in the FZ
substrate characteristics. Heavy metals present in a control wafers. Figures I. 2 and 3 show the probability of
processing line can influence the crystallographic defect crystallographic defect decoration (measured as a ratio
generation process by providing nucleation sites for the between the number of electrically active and the total
generation of stacking faults. Heavy metals also affect the number of defects revealed by etching) as a function of
electric activity of these defects. Therefore, it is the contamination level in the processing line. It appears
necessary to discuss material related defects in CCD that a certain contamination threshold exists beyond
imagers in context of heavy metal contamination present which the probability of decoration of the
in a processing line. crystallographic defects dramatically increases. This

threshold is different for the different silicon wafers. For
In this work we will discuss the effects of heavy an identical contamination level the probability of defect

metal contamination on defects in CCD imagers, with an decoration is the highest for the epitaxial layers and the
emphasis on real time monitoring with surface lowest for the internally gettered wafers. Large
photovoltage of the heavy metal concentration during variations were observed for the various epi runs
processing. We will also describe effects which different (compare epi I and epi 2). We believe that these variations
silicon substrates, e.g. FZ, MCZ, epi, internally gettered CZ, are related to a difference in the heavy metal
will have on defect generation, concentration introduced into silicon during the epi

growth process. For an identical contamination level the
EXPERIMENT probability of the decoration of stacking faults is much

higher than the probability of the dislocation decoration;
CCD imagers with a die size of about 0.7 1.1 cm

2  
the contamination threshold seems to be shifted to lower

were fabricated using a three level-polysilicon gate contamination level.
process in 10 Q cm p-type silicon substrates in the RCA
Lancaster processing line. Commercially available FZ, It should be pointed out that the generation of
MCZ. silicon eoilavers and internalIv cettered CZ wafers stacking faults is also a function of heavy metalwere used. Procedures and wafer characteristics required contamination in the processing line, as shown in Fig. 4,
to optimize internal gettering efficiency were described where the stacking fault density is plotted as a function of
previously (1). The imager area is subdivided to two the diffusion length measured in the control FZ wafers.
identical areas containing 320 buried channel linear This result is not surprising since it is well known that
CCD's each having 512 stages. Defective pixels in any of heavy metal agglomerates can serve as nucleation centers
the channels can introduce blemishes in the image which for stacking faults. As in the case of the decoration this
result in either a high signal (white) defect by the dependance is different for the different silicon wafers.
injection of spurious charge, or a low signal (black) The threshold for stacking fault formation is the lowest in
defect because charge is lost before it reaches the output the epi wafers. The internally gettered wafers show thestage. An analysis, previously described in detail (I), was highest resistance to the stacking fault formation, It
carried out to identify the origin of these defects, should be emphasized that for some of epi runs, the
Crystallographic defects in the imager area were revealed stacking faults formed even when processing was carriedby selective etching (Wright and Secco) and examined out in the "clean" line. Under these conditions the
using interference contrast microscopy (Nomarski). The stacking faults did not form in the FZ wafers. Large
degree of electric activity of these defects was established differences were observed between the FZ and MCZ
using EBIC technique (electron beam induced current wafers. This was somewhat unexpected since none of
collected by a Schottky barrier) or by measuring the these wafers had any internal gettering. Also, no heavy
amount of electrons generated at a defected pixel during metals were detected in the as-grown wafers. Mechanisms
the 15 msec. of CCD integration time. which could account for the observed differences will be

Heavy metal contamination in the processing line was discussed.
measured using a constant signal surface photovoltage
(SPV) (2) and DLTS. These measurements were carried out In the internally-gettered wafers the probability
on FZ controlled wafers which did not receive diffusions of the slacking fault formation is a strong function of the
but otherwise were processed identically to product denuded zone depth. The reduction of the denuded zone
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depth resulted in an increase in the gettering efficiency
and a decrease in the probability of stacking fault DISLOCATIONS
generalion. Also the probability of the stacking fault 1.0 \-
decoration was reduced. Although it has to be pointed out
that with the reduction of the denuded zone depth the z
ocnsity of residual oxygen precipitates at the surface 2 0.8 \
increased. Since oxygen precipitates also introduce
localized defects in CCD imagers, the depth of the denuded cco
/one in the internally gettered wafers had to be carefully U 0.6 *
adjusted to achieve effective gettering action, and at Ihe -
same time to minimize the presence of osygcn IL

precipitates in the device active region. Growtt of "clean" 0

epi (not contaminated by heavy metals during the epi 0
growth process) on internally gettered wafers was found I " . t

to be the optimum solution. < 0.2-

0
CONCLUSIONS c o ct

The role of heavy metal contamination on defect 0.0
formation in CCD imagers has been reviceed. 0 40 80 120 160 200 240
Crystallographic defects such as dislocations, stacking Fig. 2 DIFFUSION LENGTH
faults and oxygen precipitates form localized dark currettt
generation sites when present in the space charge 1.2- STACKING FAULTS
regions of junctions or MOS capacitors. The dark current
generation rate is a function of decoration of these 0
defects by heavy metals present in the processing litre.. 1.0' - 8

The SPV method was successfully applied to monitor the a
heavy metal contamination level in the processing line. o 0.8"
We demonstrated that a certain threshold contamination W

level exists beyond which the probability of a I

crystallographic defect decoration and formation of o 0.6- ""
stacking faults increases dramatically. This level is a ] to.
different for the different defects and the different types 7 0.4 . FZ
of silicon wafers. The epitaxial layers showed the lowest + MCZ
and the internally gettered wafers the highest resistance mEP I
to contamination-induced defect generation and O 0.2 - 0 EPtt

to m EP12a
decoration. The problems with the epilaycrs ar, probably M
attributed to the presence of heavy metals in as-grown 0.0
epi (introduced during the epi growth). The results for 0 50 100 150 200 250 300
the internally gettered wafers depend on the depth of the Fig. 3 DIFFUSION LENGTH (tm)- FZ Control
denuded zone. The gettering efficiencv has to be carefully
balanced against residual oxygen precipitates left in the STACKING FAULTS o Ic
device active area. * 0 1 klc
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NONLINEAR OPTICS AT INTERFACES

Y. R. Shen

Department of Physics

University of California

and

Materials and Chemical Sciences Division

Lawrence Berkeley Laboratory

Berkeley, California 94720

Nonlinear optical effects at interfaces are weak

but are easily detectable. Second-order nonlinear

optical processes, in particular, can be highly

sensitive and surface-specific. They can be exploited

to study surfaces and interfaces. That the techniques

are extremely versatile and possess many advantages

over conventional surfaces probes is now well

established. Possible applications of the techniques

to various disciplines can lead to many interesting

new research opportunities. The recent status and

progress in the field will be reviewed and future

prospects will be discussed.

This work was supported by DOE under Contract

No. DE-ACO3-76SFOO098.
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STUDIES OF LIQUID SURFACES BY SECOND HARMONIC
GENEPATION

Kenneth B. Eisenthal

Department of Chemistry
Columbia University
New York, N. Y. 10027

The nonlinear optical process of second
harmonic generation (SHG) possesses an in-
trinsic sensitivity to the asyrmmetry present
at the interface between two centrosym-
metric media. This property, arising from
the fact that SHG is electric-dipole for-
bidden in the bulk, has permitted the tech-
nique to be applied in a variety of studies
of surfaces and interfaces, Among the systems
that have been explored in this way are mole-
cules adsorbed on solid surfaces, insoluble
surfactant layers, liquid-liquid interfaces
and, in our recent work, the surface of
liquids.

In this talk we will present various as-
pects of our studies on equilibrium and time
dependent processes at the liquid/vapor inter-
face. In the first part we will outline how
wehave used second harmonic measurements to
obtain information on the orientation and
relative number density of solute molecules
at the surfaces of aqueous solutions, A
comparison with surface concentration infor-
mation obtained from surface tension and
microtome data will be made.

We then describe a procedure for measure-
ment of the absolute phase of the second
harmonic electric field with respect to the
pump radiation, and develop a scheme for
inferring the absolute orientation of mole-
cules at an interface with respect to the
directed surface normal. This new information
about the sense of molecular orientation,
which cannot be obtained directly from
conventional linear optical spectroscopy,
should help to provide iight into the basic
chemical interactions at surfaces and inter-
faces. The principle of the method an be
understood simply and is applied to aqueous
phenol solutions.

Next we address the question of how the
asymmetry in the forces experienced by the
molecules in the interfacial region affects
simple chemical equilibria. Specifically,
using the technique of second harmonic
generation we investigated the acid-base
equilibriumbetween p-nitrophenol (HA) and
its anion (A-). As we will show, not only do
the concentrations of the various species in
the interfacial region differ from their
bulk values, but also the relative concen-
tration. do not correspond to the bulk
equilibrium constant. The "equilibrium"
constant in the surface region was shown to
be vastly different from that in the bulk.
Various aspects of these results will be
discussed.

The last part of this talk deals with
dynamic processes at the water/vapor inter-
face. It w~ll include excited state relax-
ation, photoisomerization and internolecular
energy transfer. A comparison with the
measured of each of these processes in the
bulk region of the liquid will be made.
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Abstract No. 585

Measurements of the Structure and Dynamics of Thin Film which allow simplification of the function 1(2w) a [a + c.cost3t)]
2

Growth on Electrode Surfaces by SIG Figures 2 (a) through (c) show the variation in the p polarized SH
intensity at fixed angles as TI adatoms are deposited and removed

G, L. Richmond, V. L. Shannon, D. A. Koos and J. M. Robinson as a function of potential. The angle 0 is defined as the angle
Chemical Physics Institute between the [211] crystal direction and the plane o inc denc;.

University of Oregon, Eugene, OR 97403 Figure 2(a) was measured at 0=00 s3 that 
1
(2o) a [a 2 ) 

+ c I-,
2(b) at 0-=p0 so tht 1)2w w [a [2) and 2(c) at 0=600 so that

Over the past five years, research in this laboratory has 1(2.) w [a
(  

- c 32. The arrows indicate the potentials at which

focussed on the use of optical second harmonic generation (SHG) peaks corresponding to one and two monolayer deposition are
in probing interactions at the solid/liquid interface. The studies observed to commence in the voltamr 5 ry.
have provided valuable information about the sensitivity of SilG In Fig. 2(b), where 1(2w) a [a [ , the magnitude of the a
to such phenomena as molecular and ionic adsorption at smooth term is seen to decrease slowly as thallium is deposited up to a
electrode surfaces. oxidative film formation, underpotential monolayer. The sensitivity of the a term to submonolaser
deposition orocesses, oxide formation and the dynamics of coverages i4 consistent with the fact that it contains surface
adsorption.

1 
More recently, our studies have focussed on the use susceptibility tensor elements with projections normal to the

of SilG to probe electrode surface structure and symmetry by the surface. This term is also presumed to c? t ain the3lree electron
anisotropy in the SH response as the crystalline electrode is rotated contribution from the metal whereas the c and b terms have
about its surface normal. This talk will summarize our most only interband contributions. The changes observed in a( as
recent results in this area for which the structure and dynamics of thallium is deposited are most likely due to work function
underpotentially deposited monolayers on crystalline metal surfaces differences between the two metals and localization of the charge
are monitored in situ. Deposition of a monolayer or submonolayer density on the silver which decreases the polarizabilitl. This
of these foreign metals is intrinsically controlled by the change in decrease must also be attribuwd. in part, to a decrease in the
the work function of the surface as the overlayer grows in a electric field (and hence the )( ) contribution)' at the interface as
stepwise manner. Because of its proven sensitivity to surface the potential is swept toward the potential of zero charge
structure, reconstruction and thin film growth. SHG is an
attractive technique t. investigate the processes occurring during
lattice formation at the metal/metal interface in solution. The t
studies to be described here are Ag( Ill), Pb. Ag(I I I ) T1.
,\g{I 0);TI. and Cu(III)/TI. The results for the Ag{)Ill T) .-/ . • -

system are described below to provide an example of the tpe of '_'_,__-_ ' . -.. -

information which is obtainable. The Ag/TI system will also be
the focus in the time-resolved experiments.

Coulometric measurements suggest that TI
0 

deposits on
Ag)lll) in three steps to form a monolayer. A second full
monolayer subsequently deposits prior to bulk deposition Shoun
in Figures 1(a) tlhrough (c) are the p polarized SF1 intensities as a
function of angle of rotation for fractional (a), full (b), and two . k-,
(c) monolaye, coverages. These data were measured with a 310
angle of incidence trelative to the surface normal) and 1.06 ,pm
radiation. The solid lines are theoretiali cur(s, generated by

fitting the data to &e equatl((2) u [a + c .cos(30l s% here c c 10 7" 5X
the coefficients a and c contain the bulk isotropic and
anisotropic material paramelers as well as the surface isotropic and - E s 0-C
anisotropic tensor elements. Figure 2 P polarized Sit intensity from Ag) Il ) in TISO4

Similar plots which are not shown here of the s polarized as a function of potential for angles. ,, of the electrode
SH intensity were No measyred and fitted to the theoretical crystal axis with respect to the plane of polarization of
equation 1(2.) . [b cos(3l] . The positions of the maxima and incident light. (a) 0 = n, (b) 

= 
30 

, 
and (c) 0 = 600.

mininta in the s polarized anisotropy do not change as a function
of coverage. This indicates that the overlayer structure has the The magnitude of the c(

3 ) 
term is obsersed to increase

same symmetry elements as the substrate surface, since the Sf1 greatly upon 4eposition of the second monotver ob tlallium This
signal is thought to arise from the substrate/overlayer interface, increase is c

(t  
may be obersed i t)he [a c scan shown

For even a fractional monolayer coverage of TI. the in Figure 2 (a) and the [a
(

. - cf I scan shown in Figure 2(c)
pattern for the p polarized SH intensity as a function of angle of A scan of the s polarized intensity as a function of potential also
rotation changes dramatically. We interpret these variations in the shows an increase at two mo)tolayers. Because changes are only,
anisotropy as a function of coverage as changes in the a/c ratio observed in the anisotropic c?51 and b

(
3) terms at two monolayers,

which is observed to convert from an imaginary to a real value and not in the a term, the authors propose that the thallium
with submonolayer deposition. At coverages of one monolayer or deposition changes the contribution of the surface anisotropic
less the ratio I a/c I is greater than I. At two monolayers I" susceptibility tensor element,. (i=x,y). At higher coserages the
magnitude of this ratio abruptly changes to less than I. These optical characteristics of the interface begin to reflect the
changes are attributed to changes in the relative contributions of properties of the overlayer and it is likely that resonances betueen
the surface susceptibility tensor elements as TI

0 
is deposited. w or 2w and electronic transitions in the overlayer structure are

Insight into how these interfacial electronic pe erties induced. This proposal 3i1 consistent with the suggestion that the
related to changes in the magnitude of each of the a and c coefficients b and c contain the interband contributions to
terms is afforded by making these measurements at rotation angles the polarizability. These results provide strong evidence for the

2 0 1 importance of the surface contribution to the Sit intensit%,
(a) b)( The time resolved measurements of the growth and

so removal of these thin films have been performed by using a
picosecond mode-locked laser as a continuous probe after a fast

Vtpotential step. The second harmonic response is then measured as
the growth or removal process occurrs. The results demonstrate
for the first time the sensitivity of SF1G to sequential stonolaser

S0 0 growth and removal as measured in real-time.24 0 0 120 240 300 0 120 240 363 I G.L. Richmond, H. M. Rojhantalab, J. M. Robinson, and V I

ANGLE OF nOTATION ANGLE Or ROAT0IO uNGGE r Y, Shannon, J. Opt. Soc. Am. B 4, 228 11987)
Figure I. P polarized SIt intensity as a function of angle 2. 1 E. Sipe. D. J Moss, and It. M. Van Driel. Phis Res B, 15.
of rotation for a AgIl It) electrode with various thallium 1129 (1987).
coverages. ta) 0 < < I monolayer. (b) 0 - I monolayer, Support from DOE-Basic Fnergy Sciences I)F-I (;06-861 R45273)
and (c) = 2 monolayers. is gratefully acknowledged.
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SIl as a Probe of Surface Stability and Order in Solution
Figure I shows the sariation in the p and s polarized Si

D, A. KOOS, V. L. Shannon, S. A. Kellar, and G. L. Richmond intensity for Ag(I I I ), ('u( I ), and Au I I ). Radiation at 2- ,as
Chemical Physics Institute generated in reflection from the p polarized 106pm output of a

University of Oregon Nd: YAG laser operating at 10 lIe. The Sit patterns are consistent
Eugene. OR 97403 'i ith the theory assuming perfect termination of the bulk

-nnsetry (3r) where f()=cos(3e) for the p polarized output and
Surface stability and reconstruction phenomena have been f()=sin(3$) for the s polarized St. The results foj Cul Il) are

of great interest to the surface science community for the past two similar to those observed for this surface in UIV and can be
decades, Through studies performed under IHV conditions. a explained in terms of a resonant enhancement of the SiI signal
growing hody of knowledge has been obtained about the due to a coincidence between 2w and interband transition energies
relationship between surface stability and the electronic and in the bulk metal. Similarly for Au(lIll) the SH rotational
thermodynantic properties of the solid/sacuum junction. The anisotropy can be explained in terms of bulk electronic properties
growing es idence of surface reconstruction phenomena observed Ag(I II, which displays a somew hat different anisotropic beha' 'or
in I'IIV raises questions as to the existence of similar instabilities (the ratio of the constants a and b is imaginary I, does not pose
for a surface tn contact with solution. A knowledge of surface bulk electronic transitions in the energi region spanned b, and
structure and electronic properties is fundamental to our 2<
understanding of electron transfer processes and electrode kinetics
the paucity of in smi experimental methods capable of exact

structutal measurements has slowed progress in this area. Recent
studies in this laboratory have insestigated the use of second
harmonic generation (SYCh) in making such in riiu measurements.
]he experiments inolse the measurement of the intensity and
polarization of the nonlinear reflectance from a single crystal
noble metal electrode as it is rotated about the surface normal
1he form of this rotational anisotrop) pros ides saluable
information on electrode surface structure manifested b the
electronic properties of the interface This presentation iill
proside a summar of these results for Cu. Ag. and Au single
crystals in solution

the obsersation of rotational anisotropy in the SH intensiti
from the solid liquid interface was first reported li thi?
laboratori for Ag(I Il) electrodes in simple aqueous electrol5 tes
th, ibsetend ais.otrop. cleaTy indicated that the silver urface
has a hush degree of crystallinity in solution As in our previous
studies,- the results are consistent with the conclusion that the SiI
response from the metal dominates that from the surrounding I igure 2 P polarized second harmonic inten-ilt a,
electrolite Ihe work reported here analyzes the anisotropic a function -if angle if rotation fr Ag(ll0) in

-iIi re ird, to !,, cecrcoiic si-iu rc of ire retal. the o J5M sat 1( a -0 IN'
strength of the applied field, and the importance if surface
contributiins relatise to bulk terms in the expansion of the
nonlinear p ilarieniitlitiI he p and s polarized Sil repiose fror the niti~e .igill ,

face for a p polarized pump beam incident at 31 can he seen in
the econd order nonlinear response from a single cryrstal Figure 2 Again, the data can be well fit to the predicted

sampl; is predicted is fIollow the functional form: I. = a + b functional form. f()=,,,2oa'2t) + clcos(40). with a proper selection
fl,pi i - as the crisral is rotalejd about an axis paralle If k'Ihe surface of the constants a and b These measurements indicate that the
normal thriough an angle .' The subscripts Ill refer to the nonlinear response obsersed is sensittse to specific electronic slates
itunlamental. second harmonic) beam polarizations for PJI) and at the metal solution interface which haie been prest-si

,1. I polarized light relatise to the plane of incidence. The documented Fits of the theoretical expressions to the data als
coeficents 't and b iontain the isotropic and anisotropic show that the surface and bulk contributions are of comparable
iLIceptihililies and represent the response from the surface as well magnitude

is the bulk nfIr lhi its riaI .mdditinal information on the cristalllnil of the electrode
surface mar be obtained front these measurements it a i I I I

0 • . 'crystal face. the isotropic component of the s polarited St signal

should s.anish when ot is an integral multiple of ' 3 because a=0
- for this case lhe failure of the s polarized signal for u( Il l I In

:I I',.. . ligure I(c)Io decay to zero is an indicati . f surface risughes.
9 ! /.J.i' due Io imperfect surface preparation

The effect of an applied dc field at the single
crystal electrolyte interfice has also been studied It is found thai

I 'J. ' ii - .. enhancement of the Sl efficiencc takes place through specific
susceptibility tensor elements upo the application if an external

Z "bias potential The extensin of these studies to recinstructed
S" s urfa'es and sacuum studies current], in progress will be

discussed

I V.L Shannon, 1) i Koas, G [ Richmond. J ('hen Phis
I cgure I P polarized (Lpper) and s polarizeo 1440 (1987)
(lower) second harmonic intensities as a function of 2 (i [ Richmond, IT I Rojhantalah. J NI Robinson. and ' I
angle of rotation for seseral noble metal electrodes Shannon. 3 Opt Soc Am B 4, 228 I Itg8-
(a) Ag(I lll) in 0.110 NaCIO4 at -0.72V (intensits 3 3 II W K Toni and ( 1) Aumiller. Phys Ret If 3. 8818 (t10,s
10. fh) ('us Ill) in 025M Na2SO4 at open circuit
(intensitm x 2). ani (c) Au(l Ill in air. SUppi t front NSI (( Ill 8 2'1,81 is graleftilli acknr, hegtd
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active, although they are strong n
reflectance IR spectra of the same samples.
The sum spectrum in the upper figure s
obtained from a monolayer C 8 -alkyl thiol
film which has a sulfur group bonded at the
gold surface, and the methyl group pointingMonolayer Vibrational Spectroscopy away from the surface. The mclecular

on Metal and Semiconductor Surfaces resonances appear as peaks on a . strate
by Infrared-Visible Sum Generation background, illustrating that the resonance

signal is in phase with the background. The
second molecular film was prepared by

A. L. Harris, C. E. D. Chidsey depositing a second, inverted monoayer byN. J. Levinos, and D.. ,Loacono Langmuir-Blodgett deposition onto a
perdeuterated alkyl thiol bottom monolayer.

AT&T Bell Laboratories, Only the C-H stretching resonances of the

Murray Hill, NJ second layer are observed in the 2800-3000
cm

-1 
region. The phase of the resonance

signal from the inverted methyl group is
reversed, because of the symmetry properties

Infrared-visible sum generation provides of sum spectroscopy, and the resonancesvibratonal spectra of molecules at appear as dips in the spectrum. The absolute

interfaces and surfaces with monolayer orientation of selected molecular adsorbates
sensitivity [1-31. This new technique offers can thus be monitored.
unique possibilities for monolayer-selective, The time resolution of sum spectros py
time-resolved studies of molecules at for measurements of vibrational dynamics is

interfaces. To explore the use of sum limited only by the laser pulse lengths. We

spectroscopy on chemically interesting have recently extended sum spectroscopy to

substrates, we have obtained vibrational pulses as short as 3 picoseconds using

spectra of ordered monolayer molecular films tunable picosecond infrared pulses obtained

on metal and semiconductor surfaces by sum by stimulated electronic Raman scattering of
mixing using nanosecond, and recently high power, visible picosecond pulses in
picosecond, visible and tunable infrared atomic cesium vapor. Spectrp of monolayers

on surfaces are obtained more rapiily withlaser pulses [3). The pulses are overlapped picosecond pulses than with nanosecond pulses
on the surface, and the reflected sum because signal levels are substantially
frequency signal is monitored by a better with shorter pulses. Sum spectroscopy
photomultiplier detector. Resonances in the thus offers a sensitive probe of ultrafast
sum signal magnitude occur when the infrared vibrational dynamics at interfaces, includng
pulse is tuned to a vibrational frequency of
molecular adsorbates. Vibrational spectra of vibrational energy transfer to the substra*"
adsorbates are obtained by monitoring the sum and phctoreaction dynamicc of molecuo.
signal while scanning the infrared frequency. adsorbates. Preliminary studies ofvibrational dynamics at surfaces wil te

Vibrational spectra of the C-H stretching discussed.
modes of alkane chains in adsorbed monolayer
molecular films on several metal and
semiconductor surfaces were obtained by
scanning the infrared frequency in the 2700- References
3100 cm-i region. The substantial substrate
background sum signal from these surfaces
does not seriously affect the sensitivity of I. X. D. Zhu, H. Sur and Y. R. Shen.
the spect.a. In fact, the substrate Phys. Rev. S35, 3047 (1987).
background contributes to a unique ability to
distinguish the absolute orientation of 2. J. H. Hunt, P. Guyot-Slonnest and Y,
molecules at the surface; the phase of . Shen, Chem. Phys. Letters 133.
molecular resonant signals changes with 189 (1987). _

respect to the background when the molecules
are inverted on the surface, leading to 3. A. L. Harris, C. E. D. Chidsey, N,
easily monitored changes in the sum spectrum. J. Levinos and D. N. Loiacono,
The spectra also experimentally demonstrate Chem. Phys. Letters 141, 350
the vibrational selection rules which are in (1987).
effect in this new spectroscopy; observed
modes must be both Raman and infrared active.

As an example, the sum spectra of the C-H
stretching modes in two similar monolayer
films of opposite orientation on gold
substrates are shown in Fig. 1. In each
case, three resonances are observed from the
three vibrational modes of the terminal
methyl group, which are both infrared and
Raman active. The C-H stretching modes of
the backbone CH 2 groups are not observed,
because they are not both infrared and Raman
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Fig. 1. Sum spectra of two similar molecular
onoclayer films with opposite orientation on

gold substrates. Methyl group C-H stretching
resonances are observed. Top: methyl group
pointing away from the surface in a one
monolayer film.. Bottom: methyl group
pointing toward surface in an inverted second
monolayer with first layer perdeuterated.
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Population Relaxation of CO-stretching Vibrations for

Carbon Monoxide on Metal Clusters

E. d. Heilweil, R. R. Cavanagh and J. c. Stephenson

National Bureau of Standards
Center for Chemical Physics
Gaithersburg, Md. 20899

There exists an ever-increasing need to directly The most pertinent results that will be presented are
measure microscopic energy dynamics of adsorbates on summarized below:
chemically active metal surfaces. It is the mechanisms
and rates of electronic and vibrational excitation * The CO-stretching vibrations for CO in small metal
migration within an adsorbate, or from the adsorbate to cluster compounis (6 metal atoms) in room
the substrate, which play key roles in such fundamental temperature CH1 3 solution give 400 1 T1 750 ps.
processes as surface diffusion, desorption and chemical These long liietimes are attributed to the large energy
reaction. Until recently, damping rates iT

1
-1) of gap between the excited mode (ca. 2000 cm -) and tthe

adsorba'e vibrational modes on surfaces could only be next hishest metal-CO and metal-metal vibrations 12011
inferred from bandwidth measurements and theory. 600 c

-
m in these "molecular" systems.

However, ult rafast time-domain techniques have now
reached a level of sophistication that- in-situ * A novel bi-exponential decay has been observed for
measurements of energy transfer on reactive metal Co4(COl12 in solution. This response is thought to
surfaces can be made. Here, we present the first arise from initially rapid (ca. 50 psi CO-stretch
direct measurements of vibrational energy relaxatiom energy equilibration followed by a much slower (350 psi
for carbon-monoxide it: metal-carbonyl cluster compounds combined relaxation into the lower vibrational modes of
and chemisorbed on colloidal (1 30 A diameter) metal the system.
particles dispersed on a silica support.

For Rh,(CO),C1, Co4 (CO) 1, and Rhi(CO)lb supported on
The method employed in this work is based on a tunable silica in vacuum, a reduction of T, of a factor of four
picosecond infrared pump-probe saturation-recover occurs compared to T1 in the solution phase.
approach. This technique was previously developed to
obtain T1  lifetimes for OH and other stroglc, IN- a Induced transient absorption sigitals have been
allowed modes of adsorbates on dielectric substrates.

1  
detected when the IR frequency is tuned to the peak or

For tie turrent application, however, ultrashort low energy side of an absorption band. This behacior

tunable infrared pulses in the 5 micron (ca. 2000 cm
-1
) is concurrent with multiple photon absorption and

-ng-on are require, inese pulses are obta'"eo b" i'sn 'ton C0v=-') ana hgher overtone excitation.
difference frequency generation in a nonlinear lfitft3
crystal from second harmonic (532 inm) and tunable dye * Samples prepared by reduct ion of metal salts (RhCl,
laser (z600 nmt pulses derived from a 10 iz Nd+: YAG or PtH2Cl 6 ) on silica exhibit absorption features tor
laser system. IR pulses produced in this fashion are CO adsorbed on large I-o30 A) metal particles and on
rout inelv rharacterized us having a 15 ps FWH1M isolated metal sites (e.g., -Rh(CO)i. These
durat ion. 10-15 A energy ( 20% shot flictuation) and absorptions give rise to short Il0 30 -psI and long

1m-l FWHM bandwidth. f125 s) i ft imes, -espeit ivrly in the same

inhoogeneous ly distributed samsp le. rhe decreased

In the experiment. a single IR pump pulse (1l10 m/cmni magnitude of 1
1 

for CO on larget particles compared to
direct IV o.cites population to the v=l level of a CO- smaller cluster compounds and isolated sites clearly

stretching mode of the sample. Ibis excitatin suggests the pati icipat. ion of new telaxation c hannes,

produces a transient increase in sample transmission I presumalt damping by electron-hole pat: tormat tot i,
(at. the pump frequency) which recovers exponentially it, the metal.

time (with decay time T 1 ) to the unexcited sample
transmission level (To ) A t inn-delayed weak pulse at It is anticipated that Iirtlhet masurimenit s I :hii
the same frequency probes tie sample t ransmission type on other metal -c,,t ining --sstems at1 h 1;

,ncnvery, and tor the CO containing systems studied tinravel t ie d " t ai led c.,han utist : , kiin,, i, .li
here, yields a measure of the vibrat ional Tou Iat in,, st ioct ut-l hur- terist its t chmital 1v r-a tive m,1-i,-
relaxat ion of that fundamental mode. torfaes.

'fThe aftove method has been extended from our prious lhe Ait Force illhe i e t i, -, i t - sar,, h-
stodies of monometaI-carhon-I I tmpounds- ti1 the gratefullv acknowledged tot its support .t thi- azkr.
itvest igation if vibrational relaxar ion of CO bound to

metal i lusters of increasing nucleus size. I These
systers inc lude tie stab I c 1tst vr c imptundl References
Rh(CO).1, h,,(CO)12 CIo4CO) 1 2, attn d lh(CO)16 in

dilute, r'osm tempetature CI CI solotion, some if these IF. J. lhnilweil, M. 1'. asassa, B. R. . tavctio ... "i;
sime molecules adsorbed on pressed fumed Sill, supports, C. slphenson in Spt ingir Seit . in liher:i:I I h-,

and now CO adsorbed on much larger Rh and [It part ic les 'ds. I;. R. Fleming and A. F. Soigmat it it,-'
Isupport'd ot silica). The main t hrtist of t his l 'eno ena, Vol, 46., 198b) p'age ,'65.
invest igat ion has been to examine the t e t ":

increasing mital nuclets size n '!, CO(v=l I) l, F. ,. Hti I wel I, R. R. CaVanagh aid I .Sti-pl

I ifer ime and t hereby determine whtfhet now relanat ion Chem. Ph-s. Lett'rs, 134, 181 ( I07
inch..ns Ib: I me iperat Ivi, when "It'e-lcton"

-havi,,r fit iffi~ient lIs large mital parth i : Is sets HBR. tavauta h. [, I. Ifti l-eiI and . - t-,lu':, 5',:.

in. .]. lit- "tat Spe: . and Re latef P'hInom., 4S, II i' , I

-i-i
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For a Boltzmann distribution at high excitation, P(n)
Can chemical reactions he controlled P(n+l), and so, even though the CARS signals are much larger than

with picosecond infrared lasers? the spontaneous Raman signals, CARS is not well suited to study
equilibrium distributions at high excitation- The CARS technique is

Eric Mazur therefore more sensitive to the low-excitation regime, or
nonequilibrium distributions at high-excitation.

Division of Applied Sciences and Department of Physics Measurements were carried out on SF6 and CF2CI2. Both
Harvard Universirv the spontaneous Raman and the CARS measurement show changes

Cambridge, MA 02138, USA in the intramolecular vibrational energy distribution in SF6 after
infrared multiphoton excitation. The spontaneous Raman
experiments show a strong increase in Raman signal, because of the
larger population at high excitation, while the CARS measurements

A fundamental understanding of the intramolecular dynamics show a very strong depletion of the lower energy levels. From a
of highly excited molecules is of central importance in molecular quantitative analysis of the spontaneous Raman data it follows that
physics and has great chemical and physical implications: Selectivity the energy equilibrates even at relatively low excitation.

3

at high levels of excitation may eventually lead to the realization of For CF2CI 2 the vl. v2. and v8 mode (1098, 667, and 923
laser-controlled photochemistry, with broad applications in such cm

-1
, respectively) were measured after multiphoton excitation of

diverse areas as laser-assisted chemical vapor deposition, isotope either the vt or the %,8 mode. which are both Raman and infrared
separation, and photosynthesis. Because of the high selectivity of active, and are resonant with C02 laser lines. In both cases, the

infrared excitation, the discovery of infrared multiphoton excitation pumped mode reaches the highest excitation, while the energy of v,.
in 1973,1 led to a large number of experiments in search of a novel mode is almost an order of magnitude smaller. The nonequilibrium
'mode-selective' or 'bond-specific' photochemistry. When nature of the vibrational energy distribution is clearly visible in
molecules are excited above the dissociation threshold, however, Figs. 1 and 2, which compare the energy distributions obtained
equilibration of vibrational energy among the molecular modes from the spontaneous Raman experiments with calculated
causes the course and rate of laser-induced unimolecular reactions to equilibrium distributions.
depend only on total enerey, and in spite of the high selectivity of Note, that although the intensities of the anti-Stokes signals
the first few excitation steps, the reaction takes place along a increase by more than a factor ten when the infrared fluence is
thermodynamically favored path. The intramolecular flow of increased, the intensity ratios do not change considerably. This
vibrational energy therefore seriously impairs the prospect for rules out the possibility that the observed nonequilibrium
developing a laser-controlled photochemistry, and even though distribution is a result of averaging a 'hot' equilibrium ensemble and
many questions remain unanswered, the general interest in infrared a 'cold' bottlenecked ensemble. If this were so, the ratios would
multiphoton excitation has diminished, tend toward equilibrium as the fraction of molecules in the hot

While the equilibration of energy for molecules excited close ensemble becomes larger when the fluence is increased.
to or above the dissociation threshold is well understood, there is no As one would expect, the CARS measurements shows that
agreement in the cormnity as to the validity of tieorticdi nioduls the gzoa;id ate .f "he vI and v8 modcs arc tronr ,r' d The
that presuppose equipartitioning of energy in the region below the much 'colder' v2 mode, on the other hand, can be studied in detail
dissociation threshold. In 1980 time-resolved Raman spectroscopy by the CARS technique.
was used to obtain mode-specific information of infrared Summarizing, time-resolved spontaneous Raman
multiphoton excited molecules.2 In the past five years we have spectroscopy and CARS were employed to measure the
studied the intramolecular vibrational energy distributions of highly intramolecular vLiational energy distribution of highly vibrationally
vibrationally excited molecules just below the dissociation threshold excited molecules. A vastly different behavior is observed for the
using both spontaneous Raman and coherent anti-Stokes Raman two molecules studied. For SF6, both techniques show equilibration
spectroscopy (CARS). 3.4 The results, for the first time clearly of the excitation energy at relatively low levels of excitation. For
show that the present theoretical descriptions of infrared multiphoton CF 2CI 2, on the other hand, the results show a distinct
excitation are indeed not generally valid. nonequilibrium energy distribution among the observed Raman

A complete description of the expx,ittental setup for the active modes even at excitations as high as 21,000 cm-t. The
spontaneous Raman measurements can be found in previous measurements also show that excitation of the vt and the v8 mode
papers.3-4  In the CARS experiments, a 10 ns pulse from a give rise to different nonequilibrium energy distributions. From
frequency doubled Nd:YAG laser and a 4 ns pulse from a studies of the infrared multiphoton dissociation of CF 2CI2,

5, 6 it is
broadband (15 cm-t) dye laser were used to probe the vibrational known that the dissociation basically takes place along a
levels of the highly excited molecules. The CARS signals are thermodynamically favored path, indicating that the energy
resolved with a I m Jarrel-Ash spectrometer. distribution equilibrates at the dissociation threshold. For SFs this

As can easily be seen the two techniques yield different, but equilibration occurs well below the dissociation threshold. The
complementary results. The intensity of a spontaneous Raman present studies thus show that one can, for certain molecules, induce
transition is proportional to the quantum number n and the highly nonequilibrium energy distributions in molecules at energies
population of the level, P(n): close to dissociation with picosecond infrared pulses.

I N,R. Iscnor, V. Merchant. R S. Hallsworth and M.C Richardson. Can J
lR(n) - O, P(n) - n P(n) (1) Phys. 51, 12t1 (1973)

2 V.N. Bagratashvili, Yu.G Vannr, V.S. D lthkov. SF. Kol'yakov, A.A

Makarn., L.P. Malyarkin, E.A. Ryat ,, E.G Slkis,. and V D. Tot-,,
with cn,, the Raman cross-section for the transition n -4 n+ I. Appi Phys 2t, tt (t9)
Because of the n2 

dependence, the spontaneous Raman signal 3 Jyhpyng Wang, Kuci-Hsien Chen. and Eric Ma ,s', Phvs Rev A 34. 1892increases as the excitation of the mode increases. The CARS signal (1996)Kuei-.lsien Chen. Jyhpyng Wang. and tic Mtaur. PhAr Re, Irt 59.
intensity, on the other hand, is proportional to population 2728(1997)
differences S Aa.S. Sudhn. P.A. Schul,. . R Grant, Y.R Shen, and Y.T Lee, J Chem

Phvs 70. 912 (1979)

ICARs n) - n
2
[P(n) P(n+ 1)2 (2) David S. King and John C Stephenson. (hem Ph t et 51. 48 O177
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Picosecond Fluorescence Deplction Spectroscopy duces quantum beats in the resulting fluorescence. If many
states (say greater than 50) are involved, an exponential de-

John Kauffman, Matthew C6t, Philip Smith and cay is produced. This experiment is sensitive to the polariza-

J. D. McDonald tions of the laser beams and the angle of observation: if the
polarizations are parallel, the decay represents both vibra-

School of Chemical Sciences tional relaxation and intramolecular rotational dephasing. If

University of Illinois the polarizations differ by 54.7 degrees, only vibrational re-
Urbana, Illinois 61801 laxation (including rotational changes produced by Coriolis

coupling) is observed.
We have measured the fluorescence excitation spectrum

Vibrational relaxation in isolated gas phase molecules has of fluorene, and it shows numerous strong vibronic transi-
been studied by many techniques: electronic fluorescence tions up to 2600 cm

-
' above the vibrationless level of 33784

spectroscopy', infrared fluorescence excitation and fluores- cm
-
'. As the transition energy increases the peaks begin

cence spectroscopyl
,3

, collisional timing' , and direct timing to exhibit structure (ie. shoulders) outside of the width of

by time-correlated photon counting
5

. In this paper we re- the rotational contour. At energies above 1500 cm
-
' the

port experiments using a new picosecond technique which, peaks are significantly broader than the rotational contour of
for the first time, allows direct measurement of the lifetime the vibrationless level. We have observed decays from states
of the initially prepared state with experimental resolution of with excess vibrational energies varying from 0 to 2036 cm

-1

better than 5 picoseconds. above the vibrationless level (figure 1). Only single expo-
In these experiments the molecule fluorene, a molecule nential decays, indicating no relaxation. are observed below

with a strongly allowed So - St transition, is seeded in a 900 cm
-
'. From 950 to 1500 cm

-
' strong quantum beats

continuous helium free jet expansion to give a beam tem- are observed. These indicate both accidental concidence of
perature of about 40 Kelvin. A Rhodamine 6G dye laser is Franck-Condon allowed transitions and incipient vibrational
synchronously pumped by the frequency doubled output of a relaxation. At energies above 1700 cm-' bi-exponential de-
cw mode-locked Nd:YAG laser. The 2,5 to 6 picosecond out- rays are observed, with only very weak beats; this is in-

put pulses are amplified by the frequency doubled output of a dicative of near-statistical-limit relaxations. The vibrational
cw pumped, acousto-optically mode-locked and Q-switched, relaxation lifetimes in this region vary from 20 picoseconds
and electro-optically cavity-dumped Nd:YAG laser. The 350 at 1700 cm

-
' to <10 picoseconds at 2036 cm

-t
. The time de-

microjoule green output of this laser allows us to produce 10 pendent behavior of the states in these three regions can be
to 40 microjoule amplified dye laser pulses with a repetition clearly associated with various degrees of broadening in their
rate of 500 Hz. The final amplified visible pulses have auto- dispersed fluorescence spectra, which we have measured with
correlation widths of 4 to 10 picoseconds. The output beam an optical multichannel analyser (figure 2). Spectra of states
is split into two beams of equal intensity, one of which passes with low excess vibrational energies have many sharp, well-
through a delay line. Each beam is then frequency-doubled, resolved lines with instrument limited bandwidth. States
producing about I microjoule/pulse each in the ultraviolet, above 900 c

-
' exhibit spectra having a few broad bands

They are then passed through adjustable waveplates which which are overlaping. but distinguishable. At energies above
allow us to set the angle between the electric vectors of the 1500 cm' the spectra show a continuous, broad csntour

exactly linearly polarized UV beams to any desired angle with a bandwidth covering ,2000 cm '. The nearly ident,-
while maintaining their bisector parallel to the molecular cal features of the high energy spectra highlight the statis-
beam direction and perpendicular to the plane of observa- tical nature of the anharmonic couplings at high vibrational

tion. The total, time-integrated, molecular fluorescence is energies.
observed with a photomultiplier and boxcar integrator.

The first laser pulse excites a substantial fraction of the
molecules to a particular vibrational level of S. The usual
excitation fraction is between 35 arid 60%, although for strong REFERENCES

lines the central part of the 0.1 millimeter excitation re-
gion may have undergone several cycles of absorption and I. J. B. Hopkins, D. E. Powers. S. %lukattel and W E.
emission. If the second laser pulse follows without delay, it Smalley, J. Chem. Phys., 72. 5049, (19801
cannot significantly change the amount of observed flnores-
cence, as the transition is already saturated. However, any 2. G. M. Stewart and J. D. McDonald, J. Chent. PhYs..
mechanism which depletes the upper state, including fluo- 78, 3907, (1983)
rescence, intersystem crossing. or vibrational relaxation, al
lo'w-s the second laser to increase the fluorescence signal, as 3. T. Kulp, R. Ruoff, G. XI. Stewart and .1. D. McDonald,

the amount of absorption remains cottstant while stitiulated J. Ctem. Ptys.. 80, 5W). ( 984)

enission decreases. This includes the removal of oscillator 4. K. W. Holtzclaw and C. S. Partenter. .1. (heit Ph~s
strength between the grontd and excited electrtic states 84. 1099. ( I 9)6
by intermolecular dtphasn processes. We are able to probe
the time dependence of these tttechanisrms by tuning t lie tine 5. W. R. Lambert. P. M. Felker and A. H. Zewail. J.
delay between, the two pulses atid neasuring the difference Chet. Phys., 81. '220q. ( 19h4)
between the fluorescence intensity with and without the sec.

ond laser pulse. If the initially prepared state is made up
of a "clump" of a few closely spaced molecular eigenstates,

the dephasing of thes states, which corresponds to the in-
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Comparison with recent dynamical solvation studies
[3] suggest that the multiexponential electron transter
kinetics reflected by Q(t) do not result from contribu-

The Effect of Vibrational Motion on the tions of higher frequency responses of e(co). Com-
Dynamics of Intramolecular Charge parison of the behavior of Q(t) and ra to a recent

Transfer Reactions theoretical model by Nadler and Marcus [4] clearly
demonstrate that in all solvents studied, the dominant
contribution to the reaction rate come from fluctuations
in the intramolecular vibrational motions, not solvent
diffusion. This conclusion also is supported by recent

John D. Simon' and Shyh-Gang Su gas phase measurement as well as studies of the elec-
tron transfer dynamics in frozen hexanol.

Acknowledgements: This work is supported by
Department of Chemistry grants from the National Science Foundation and the

institute for Nonlinear Studies Petroleum Research Foundation administered by the
University of California San Diego American Chemical Society and the Office of Naval
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and p-diethylaminobenzonitrile (DEABN) in alcohol
solutions (ethanol to hexanol) as a function of tempera-
ture (00 C to -50' C).

For these molecular systems, charge transfer occurs
on the excited state surface. Excitation populates the
nonpolar local excited (LE) state. In polar solvents,
rapid intramolecular charge transfer occurs, the charge
separation is stabilized by rotation around the phenyl-
amino bond. Formation of this twisted intramolecular
charge transfer (TICT) state results in the appearance of
a new visible emission. In general, our results show
that the population decay of the LE state, Q(t), cannot
be fit by a single exponential. By modeling the decay as
a sum of exponentials, we have obtained the average
lifetime, Ta of the survival probability of the LE state.
In all of the alcohol solvents studied, t a is significantly
shorter than the solvent fluctuation rate gauged by the
longitudinal relaxation time of the solvent, tL (TDrE/aE),
corresponding to the slow collective hydrogen bonding
dynamics.
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FENTOSECOND RAMAN INDUCED QUANTUM 
BEATS IN

A DYE MOtECULE OBSERVED BY POLARISATION

SENSITIVE MEASUREMENTS I DI C H RO ISM BIREFRINGENCE
... .... ....... ... ... ..

.1. Chesnoy and A. Moitari ---- .... ......

Laboratoire d'Optique Quantlque V
Ecole Polytechnique I91128 Palaiseau c6dex, France Z.

I AMPLITUDE

Time domain observation of molecular movements MODULATIO MODULATION
x .. ........ ..................

such as rotation, libration or vibration can actually
be performed with high accuracy by using femtosecond 0 0 E

T I M E D E L A Y ( Ps)
lasers. Coherent excitation of a Raman active vibra-

tion can be achieved with a single light pulse whose

duration is shorter than the vibrational period of the Fig. 1. Tim-resolved dichrolsm and birefringence

mode 
( 1 , 2 )

. We will report additional features of these induced by a femtosecond pump bean, are observed
on malachite green dissolved in water (top). Ultra-

Raman quantum beats due to impulsive Raman excitation. fast beats are superposed on the relaxational de-

We have performed measurements close to an elec- cays, and are experimentally extracted for each
observation. At the bottom, similar results are

tronic resonance in a dye molecule using various pump- obtained by detecting frequency modulation as well
probe techniques. Following a single bean excitation, as amplitude modulation of the probe bean versusthe time delay between pump and probe.
we havn analysed the polarisation rotation 

and ellip-

ticity change experienced by a delayed probe beam. In We will report the interpretation of these variojo

addition to these measurements of transient induced aspects of impulsive stimulated Banan eacitat ion and
dicirousm and birefringence, we have developed a new probing in the frame of a density matrix expansio ap-

experimental configuration to analyse the frequency plied to a simple vibronic system. We will underline

modulation (spectral shift) of the probe beam as well the salient features originating from the presence ci

as its amplitude modulation (time delay shift). In the electronic resonance, concerning mainly the vibra-
these four experimental schemes we observe small ampli- tional excitations in both ground and excited electro-

tude oscillations superimposed on a large background nic states. The informations that can be extracted

originating from saturated absorption and dispersion from the initial phase of the observed oscillation will

decays (Fig. 1). be discussed. Finally, The links betwenn the present
We can interpret these observations in terms of measurement and more conventional techniques such as

impulsive stimulated Raman scattering (ISRS) close to time resolved CABS or Banan induced Kerr effects will
an electronic resonance. Our observations show the main be rev iewec.
trends of resonant ISRS such as the joint observation

of an absorptive effect in addition to pure dispersive

manifestations. Vibration in the ground electronic sta- References

te is involved in the same extent as vibration in the

excited state. We have shown that their observation I - YX. Yan, E.B. Gamble and J.A. Nelson

can be experimentally separated as it appears qualitati- J. Chem. Phys. 83, 5391 (1985)

oely in Fig. I in view of the different damping cons - 2 - M.J. Rosker, F.W. Wise and C.L. Tang

tants of the observed oscillations. Identical behaviours Phys. Bev. Lett. 57, 321 1986)

of the observed vibrational decays are observed for

malachite green in different solvents.
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Femtosecond Spectroscopy of Chemical Reactions in Condensed Femtosecond time-resolved absorption measurements of
Phases several organic and organometallic species are discussed. In the

crystalline phase, the excimer-formation reactions in perylene
Alan G. Joly, Leah R. Williams, and Keith A. Nelson and pyrene molecular crystals have been studied.

4 
These are

well oriented bimolecular reactions which are initiated by
Department of Chemistry, MIT, Cambridge, MA 02139 photoexcitation. We observe subpicosecond excimer formation

times in both crystals at room temperature. This reflects rapid
It is now possible to probe intermolecular and and probably partially phase-coherent intermolecular approach

intramolecular motions on time scales which are short compared following excitation.
to elementary collision times or vibrational periods.

1 
Thus the

basic nuclear motions which may lead to bimolecular or The photodissociation of chromium hexacarbonyl,
unimolecular chemical reactions can be observed on their Cr(CO)6, in methanol solution to yield Cr(CO)5 + CO was
natural time scales. In fact, these motions are almost always studied.

5 
As shown in Figure 2, bond breakage is complete in

initiated coherent by a sufficiently short (i.e. femtosecond) about 300 ts following photoexcitation at 310 nm. The
laser pulse. This facilitates time-resolved probing with nonexponential time-dependence of transient absorption at short
subsequent, variably delayed pulses. times reflects the classical kinematics of motion (wavepacket

propagation) along the unstable dissociative PES. The
Figure 1 illustrates initiation of coherent nuclear motion exponential rise in absorption at longer times is due to

(i.e. coherent wavepacket propagation) in electronic excited compexation of the "bare" Cr(CO)5 species with a solvent
states through optical absorption of an ultrashort pulse.
Following absorption, molecules find themselves on the side of molecule.

6

the S potential surface. They then undergo vibrational
oscillations about the Si potential minimum. These oscillations The photochemistry of manganese decacarbonyt.
are phase-coherent if the excitation pulse was short compared to (CO)5Mn-Mn(CO)5, in methanol was also investigated.

5

the oscillation period.
2 

Escitation into the unstable potential S3  Following excitation at 310 nm, either CO loss (followed bythe scilaton erid.2 xciatin ito he ustale otetia S3formation of the bridged species Mn2(CO)9 which absorbs in theleads to dissociation rather than oscillation. The same may occur
in S2 depending on the details of the St and S2 potential surfaces blue) or metal-metal bond breakage (yielding Mn(CO)5 radicals

and on dissipation due to interactions between the reacting which absorb in the near-IR) occurs. The former process is
species (or in a large molecule, the degree of freedom 0 along complete in about 500 Is, and the dynamics of product formation
which reaction occurs) and its environment. The nuclear motion appear lo be exponential as shown in Figure 3. This is to be
along 0 will be phase-coherent, i.e. synchronized among all the expected since several molecular motions are involved and

excited molecules, if the excitation pulse is short in duration phase-coherence is not maintained. Formation of the radical
compared to the time required for nuclei to move a significant fragments occurs with an unusual, oscillatory time-dependencedistance. Phase-coherent chemical change thus occurs in state as shown in Figure 4. This may reflect a solvent barrier to
distance. Pdissociation which gives rise to Mn-Mn "stretching" vibrations
S2 or S3. in the excited state. Since in this case very large fragments are

separating, strong solvent effects are anticipated even at small
displacements Q along the reaction coordinate. The reactive PES
and the extent of dissipation during progress along 0 depend on a
molecule's local environment. Some molecules will dissociate
while others will undergo excited-state oscillation. These

S3  observations provide insight into the role played by the solvent
in mediating chemical reaction dynamics and yield.

S2 1. S. Ruhman, A.G. Joly, B. Kohler, L.R. Williams, and K.A.
V Nelson, Revue de Phys. AppI. 2, 1717 (1987).

S1  2. M.J. Rosker, F.W. Wise, and C.L. Tang, Phys. Rev. Lett. 5Z,
321 (1986); K.A. Nelson and L.R. Williams, Phys. Rev. Lett.
5J, 745 (1987).
3. M. Dantus, M.J. Rosker, and A.Z. Zewail, J. Chem. Phys. 8Z.
2395 (1987).
4. L.R. Williams and K.A. Nelson, J. Chem. Phys. 8Z, 7346
(1987).

5. A.G. Joly and K.A. Nelson, J. Phys. Chem.. submitted.
6. J.D. Simon and X. Xie, J. Phys. Chem. 20, 6751 (1986).

Figure 1. Schematic illustration of coherent wavepacket
propagation initiated by optical absorption of an ultrashort
pulse. Absorption into the S level leads to coherent oscillations
along coordinate Q about the S1 potential minimum. Absorption
into S2 or S3 may lead to coherent motion along 0 without
oscillation, i.e. to pholodissociation. Dissipation could inhibit
photodissociation from the S2 state, giving rise to oscillations
about the weak potential minimum.

For small molecules in the gas phase, time-resolved
observation of photodissociation dynamics may yield accurate

reactive potential energy surfaces (PES's),
3 

In condensed
phases, dissipation and inhomogeneity destroy the one-to-one
correspondence between dynamics and PES. Semiquanlitalive
determination of intramofecular PES's which are only weakly
perturbed by their environment may be possible through
measurement of reaction dynamics. In addition, the effects of
environment on reaction dynamics and yield may be examined,
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Figure 2. Transient 480-nm absorption of Cr(CO)6 in methanol
following 310-nm excitation. The nonexponential decay at short
times reflects the dynamics of CO dissociation. At longer times
(see inset), solvent complexation of Cr(CO)5 occurs.

Mn 2 (luU) 10  X = 500 nm

Fgr3Trnin50-masrtoofn2C)following 310-nm excitation. Loss of CO and formation of the

bridged compound Mn2(C O) B are complete in about 500 fs.
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Figure 4. Transient 800-nm absorption of Mn2(CO) 10following 3t0-nm excitation. The formation of ten(O)5
radicals appears to be oscillatory This may be due to a solvent-induced potential energy barrier to dissociation of the two large
photofragments.



Abstract No. 594
LOW TEMPERATURE GLASS RELAXATION AND resorufin in ethanol, d-ethanol and glycerol

INTERACTION WITH SOLUTES PROBED BY PICOSECOND have been performed from 1.1-25 K [Fig. 1.
PHOTON ECHO AND HOLE BURNING EXPERIMENTS Qualitatively similar results are found in

all three glasses. The hole burning pure
dephasing times at low temperatures are 6

M. Berga) C.A. Walsh,b) L.R. Narasimhan, times shorter than the photon echo dephasing
K.A. Littau and M.D. Fayer times, reflecting the presence of slow

relaxation processes (spectral diffusion) in
Department of Chemistry, Stanford University, the glass. At higher temperatures, both

Stanford University, Stanford CA 94305 dephasing times deviate from the power law
predicted for TLS dephasing and begin to
coalesce. These effects are attributed to
the onset of dephasing by a pseudolocal

Glasses are not only an intrinsically phonon mode at higher temperatures.[5 These
interesting and important class of materials, modes have frequencies and lifetimes similar
they are also a prototype for understanding to those found in crystalline materials. By
the unique properties which nave been removing the effects of pseudolocal mode
identified in many disordered materials dephasing, the TLS contribution to dephasing,
including polymers, amorphous semiconductors which is unique to disordered materials, is
and metals, biological materials and found. This contribution is further broken
disordered crystals. These unique properties down into a portion due to fast relaxations
are commonly attributed to two-level systems ("homogeneous" dephasing) and slow
(TLS), which are poorly understood motions relaxations (spectral diffusion) by combining
with a wide distribution of properties, the photon echo and hole burning results.
including relaxation rate.[l] Optical Fractional power law temperature dependences
dephasing measurements have been a valuable are found for both portions [Fig. 21.
probe of dynamics in crystalline phases and Surprisingly, the photon echo decays are
there is growing interest in applying these exponential over at least 6 lifetimes [Fig.
techniques to probe the dynamics of amorphous 3], despite the presence of multiple
materials and their interaction with relaxation timescales. In addition, the hole
solutes.[2] Although the possible importance shapes are Lorentzian even though they are
of slowly relaxing motions on optical dominated by "non-homogeneous" processes.
dephasing techniques has often been By combining the correct correlation
recognized, a systematic discussion of these functions for each experiment with a model of
effects has not appeared nor nave these the glass dynamics based on standard
effects been exploited to yield information assumptions about TLS, all the major
on relaxation in disordered materials. In experimental results can be accounted for.
this work,[31 a unified treatment of the The magnitude of the difference in photon
effect of relaxation on all timescales on a echo and hole burning dephasing times is
variety of optical dephasing experiments is consistent with relaxation rates distributed
derived, experiments demonstrating the over at least 12 orders of magnitude. The
existence of slow relaxations in glasses are Lorentzian hole shapes are not the result of
performed, and the results are used to a homogeneous dephasing process, but arise
extract basic features of the glass dynamics from an intrinsically Lorentzian
and their effect on solute electronic states. "inhomogeneous" distribution generated by a

The various methods which nave been used long range (1/r
3) 

solute-glass interaction.
to measure dephasing times (photon echoes, The form of the photon echo decay is directly
hole burning, fluorescence line narrowing, related to the distribution of relaxation
stimulated photon echoes, etc.) are shown to rates, R. The experimental exponential decay
be inequivalent in materials with multiple indicates a 1/R distribution at short times,
relaxation timescales. None of these in accord with the simplest models of glass
experiments is correctly described by the dynamics. However, the inequality of the
optical absorption expressions commonly used temperature dependence exponents for the slow
to analyze dephasing experiments. We have and the fast relaxation components indicates
treated these apparently diverse experiments a more complicated distribution at longer
in a unified manner Dy using a nonlinear times. Additional dephasing experiments at
optical line shape formalism 14) to derive intermediate timescales are needed to
their correlation functions. The experiments characterize this distribution in detail.
differ primarily through a characteristic This work was supported by the National
time, which determines the relaxation Science Foundation Division of Materials
timescales which contribute to the dephasing Research (DMR84-16343). Additional support
measured by a given experiment. Since this was provided by the Office of Naval Research,
characteristic time varies by at least 12 Physics Division (N00014-85-K-0409).
orders of magnitude, the quantitative
comparison of different dephasing experiments References
can be used to explore the broad range of I. Amorphous Solids - Low Temperature
relaxation rates characterizing disordered Properties, edited by W.A. Phillips
materials. (Springer, NY, 1981).

In a specific application of these 2. Optical Linewidths in Glasses, edited by
ideas, temperature dependent photon echo and W.E. Moerner (Springer, NY, 1988).
nonphotochemical hole burning experiments on 3. M. Berg, C.A. Walsh, L.R. Narasimhan,

K.A. Littau and M.D. Fayer, J. Chem.
a) Permanent Address: Chemistry Department, Phys. 88, 1564 (1988).

University of Texas at Austin, Austin, TX 4. S. MukN0el and R.F. Loring, J. Opt. Soc.
78712 Am. B 3, 595 (1986).

b) Permanent Address: Sandia National 5. B. JacWson and R. Silbey, Chem. Phys.
Laboratories, Albuquerque, NM 87185 Lett. 99, 331 (1983).
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Fig. 1. Log-log plots of temperature
dependent hole burning (HB) dephasing times
compared to photon echo (PE) dephasing times
for resorufin in: (A) glycerol, (B) ethanol
glass. The fluorescence lifetime
contribution to both measurements has been I - I
removed. At low temperatures the dephasing
times differ by a factor of 6 as a result of 0 I 2 3
slow relaxation processes in the glass. At
high temperatures, dephasing is dominated by PULSE SEPARATION (ns)
pseudolocal mode motion. As a result, the
two measurements coalesce and deviate from Fig. 3. A semi-log plot of the photon echopower law behavior, signal from resorufin in d-ethanol glass at

1.5 K as a function of pulse separation. The
decay is exponential over 6.2 lifetimes.
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Abstract No. 595

FEMTOSECOND OPTICAL KERR DYNAMICS
IN MOLECULAR LIQUIDS OF VARYING STRUCTURE
W.I. lotshaw, D. McMorrow, C. Kalpouzos, and

G.A. Kenney-Wallace
Lash Miller Laboratories
University of Toronto
80 St. George Street

Toronto, Ontario M5S IAI
CANADA

We have investigated the molecular dy-
namics of some simple polarizable liquids

through the dependence of the third order
nonlinear optical susceptibility i

3
on

intra- and intermolecular degrees of
freedom. These include small and large
angle orientational motions of single
molecules in the laboratory frame, as
well as orientational and translational
variables in interacting sets of molecules,
and intramolecular normal coordinates
(Raman modes).

The optical heterodyne detected
optical Kerr effect [i] has been employed
to resolve the femtosecond dynamics of
the intensity dependent refractive index
of the liquids CUS CS /n-alkane binary
solutions, n-alkyi hin riles (n=1,3,6),
benzene and many substituted analogs, and
a number of halogenated methanes. Results
will be presented and discussed which
indicate that pairwise intermolecular
Interactions significantly influence the
magnitude of X and the dynamics of inter-
molecular motions which modulate o at
times less than I ps. This appears to
be governed by the curvature and
fluctuation rate of the local intermolecular
potential in which the nonspherical
molecules llbrate. The relation between
these results and the dielectric friction
exerted by nonspherical molecular liquids
on charged or polar solute transients
(dynamic solvation) will be developed and
discussed.

The influence of intermolecular inter-
actions on the dynamics of intramolecular
vibrations (Raman modes) in several halo-
genated methanes will also be discussed
and compared to the case of the intermol-
ecular librations discussed above.

[I] U. McMorrow, W.iT. Lotshaw, and G.A.
Kenney-Wallace iEtE J. Quant. Elect.
24 p443-454 (1988)
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COOPERATIVE EFFECTS UNDER INTERACTION OF CO- The cooperative (N - 2) higher ( ' + 4 )

HERENT RADIATION WITH MATTER - harmonics' intensity obtained in the first

perturbation approach in the case of the weak
V.FCheltsov and 2 moderate driving field decreas, as

Novatorov Str.,18-7-2, Moscow V-421,USSR I/n as n. increases. In the case of strong

fieid and in the second and third orders of

This report deals with the interaction of a perturbation -heory the
-
rr n tensity is pro-

coherent instantly switched on resonance portional to d-1400_QZ , where a sponta-

electromagnetic field with a system of N n0us linewidth

identical motionless two-level atoms.
When the field is represented Ly a single /I/ V.F.Cheltsov, JETP, 47,564 (1964)

resonance mode the analysis of the behaviour /2/ V.F.Cheltsov, Nuovo Cimento,1B
69

.1
5 2 

(1970)

of the stark-system "N atoms + mode" is /3/ V.F.Cheltsov.Opt.Comms,,64,347(1987)

carried out in the RWA-approximation, by di- /4/ V.F.Cheltsov,Optica Acta,33.,
3
(1

9
8
6
)

agonalizing the hamiltonian, the initial
number Rfof resonance photons being regarded
as a parameter.
The energy eigenvalues,i.e.,the A.C. Stark-
spectrum form, generally, a set of(N+I) irra-
tional noncommensurate values(i.e.cooperative
harmonics).The vacuum stark(or Rabi) split-
ting of the energy levels propotional to
is shown to exist in the presence of one
initially excited atom in the system of N-
1,2,3 atoms with A. = 0. When N atoms are
in the strong (fl5'>N, n, = constant) driving
field,the stark spectrum consists of(N +1)
harmonics, multiple to the Pabi frequency
_ ?=B(l2 )1/2. The harmonics noncommensurabi-
lity brings about the quasiperiodicity of the
system's dynamics so that due to the phase-
mixing effect its initial state is not repea-
ted. The effect results in the establishment
of a dynamical equilibrium between tie atoms
and the arising coherent field, with the
difference N = N - N1 in the atomic levels'
populations Eurnifg to zero. The initiglly
inverted atomic suosystem (with N. = N - N
O and tZ*=O) becomes saturated with N-2 0-
andl the number of arising photons equal to

"L-0= 1/2 N Change of N obeys a law of
damping oscillations withthe frefuency and
decrement of the same order B(N ) 1/2 In
the strong field ( nl, -> N) the-number of
photons is constant and the inversion N
oscillates as N (t) = N-os (_Q t).
The theory of cooperative resonance fluores-
cence was developed when the radiation
wavelength A>. R-interatomic distance, the
driving field being assumed to be switched on
instantly. The stark-system was considered as
a source of a spontaneous and stimulated
emission. Considering the interaction of the
stark-system with a free radiation field,
i.e.,a fluorescence field, as a small per-
turbation, and using for the fluorescence both
the standard perturbation treatment and the
commutator version of the evolution operator
method, we found its spectrum and pectral
lines intensities for N=1,2,3,4 at)ms in the
strong ( / >> N) driving field and for N=l.2
in an arbitrary field. The cooperative reso-
nance fluorescence spectrum has, mainly,
W. - and(.0 + 2_Q) - harmonics with their

intensities' ration determined by the
initial populations in the atomic levels. The
ration reaches its maximum equal to unit by
order of magnitude when all atoms are ini-
tially in the same level. Such a strong
dependence on the initial conditions remain
both in the first, second aid third orders of
the perturbation theory and is caused by the
interference of the initial amplitudes of
cooperative states of the atoms in the
driving field.
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ULTRAFAST PHOTONIC SWITCHING

WITH NONLINEAR CLASS GUIDED WAVE DEVICES

P. W. SMITH

Bellcore
331 Newman Springs Rd
Red Bank, NJ 07701

One reason for the current upsurge of inter-

est in photonic switching has been the

realization that all-optical devices have

the capability to switch at rates much

higher than those possible with electronics

technology. Such high rates are likely to

be necessary in future high-speed communica-

tions and computing systems.

Optical glasses have a number of advantages

as nonlinear materials for all-optical

devices. Their high transparency allows

long interaction lengths in guided-wave

structures and essentially eliminates the

thermal heating problems that have limited

the performance of all-optical devices made

from other materials. I will present our

results on four wave mixing measurements of

nonlinear coefficients for a variety of

optical glasses, and show that certain

optical glasses have the highest figure of

merit of any nonlinear optical material.

In the last few years, a number of glass

optical fiber switching devices have been

demonstrated, including a birefringent

fiber polarization switch, a fiber Kerr

gate , and a two-core fiber directional

couplec. After surveying this work, I will

present our results on guided-wave nonlin-

ear coupler structures that have demonstrat-

ed substantially complete switching of 100

femtosecond pulses. This is the fastest

switching time ever measured for a guided

wave all-optical device.
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Ultra-Small Semiconductor Microresonators diameters -0.5 prm. The devices can be grown on a transparent

semiconductor substrate with lens surfaces formed on the backside by

J. L, Jewell, S. L. McCall
a

, Y. H. Lee, A. Schererb, a non-labor-intensive process such as photoelectrocbemical etching.

A. C. Gossardt and J. H. English
c  Since it is unrealistic to focus to much -mailer than -0.5-pm

diameters (over many devices) and -0.
2
5-lm diameters are desired,AT5T Bull Lsboratories, Reis. 4G-500, Holmdel, NJ 0778$ US.A.

only one option appears to remain-tapering the waveguiding devices.
Such a device would resemble a microwave horn. Preliminary

Future technologies such as all-photonic switching networks for long

range communications, optoclectrosic chip-to-chip communication, experiments with dielectric microwave tapered waveguides suggest
that the necessary tapering in GaAs optical waveguides might he

and optical computing will require large numbers of all-optical or atothe neer aeng in ab 2 Optical vgi s might
optoelectronic devices with low operating energies (_ I fJ ) and high

be formed by varying the etch parameters during etching.
speed (: 10 ps). All devices reported to date fall short of these goals.

O ptical resonators (F abry-P erot etalons) form the basic structure for I pc l son a da e ter s t t e d me ntirst is t , o e byoptical resonator diameters to their fundamental limit, namely by
most optical logic devices and also for lusers, thus it is important to
try and scale these structures to sizes as small as possible. In this formisg waveguiding struce res. The second step, high-numerical-
paper we report experimental results on 1.5-pm diameter GaAs aperture focusing, has been partially demonstrated, and the final step,
microresonators operated u~s optical logic etalons (OLE) and an waregside capering, has bees proposed. 11 she energies and timrs
opically-pumpedlaers.e asotical d gisc stafor d tani s continue to scale with cross-sectional area, the smallest devices shouldoptically-pumped lasers. We also discuss straightforward techniques

for further scaling to - 1/4 pm, which should allow them to achieve have <6 ps recovery times, with - 17 fJ controlling energies for gates

the desired speeds and energies, and - 250 fJ lasing thresholds. The MBEgrown etalon used in our

The use of ion-beam-assisted etching to form -- I.-pm diameter experiments however, was a first attempt: the design was conservative

waveguiding "posts", or microresonators, in a GaA/AIAs Fabry-Perot and not optimized. The energies should be reduced considerably by

structure grown entirely by molecular beam enitaxy (MBE) has increasing the etalon finesse. Furthermore, essentially all of the
optical nonlinearity is due to bandfilling. Use of excitonicreduced the device cross-sectiosal sem, energy requirements andduce th deicecroe-setioal rew enrgy equremntsand nonlinearities obtained from multiple quantum wells aid, or operation

recovery times all by more than an order of magnitude 
1
. Fig. I shows at reduced temperature could reduce the energies by another order ofSvery small region of the etched heterostructure. Prior to etching the atud Wit c ov w p reduce the gte

minimum controlling energy required for an optical logic etalonmantd.Whsuhipoe nswexctordcehege
miniumion

2  
trollin e eqie foe a ot lg etand controlling energies to less than I fN. approaching the statistical limit

operation wan 20 pJ. The device diameter wan about 10 pm and fo lal wi~igo ude h n4 I siprattfor recliable switching of a few hundred photons
4

. It is important to
recovery time wan estimated to be several ns, both inferred from point out that effects such a waveguide loss and dispersion couldmeasurements on comparable devices. For 1 5-pm micesresonators the cause the lower practical limit on device diameters to be somewhatenergy is 0.6 p3 and recovery time. - 200 ps (Fig. 2). Thus, at leasten~ry i 0. pJandrecver tie, ,200ps Fig 2) Ths, t last larger than X/n. or it could even be slightly smaller. The techniques
over this size range, the energy and time requirements scale directly rer hn howeer it c ou en h e slg t m i Thteniwithcros-setioal aea.reported here however will allow us to reach that limit, whatever it
with cross-ectional area. may he.
With the controlling (pump) energies increased to about 9 pJ, the

Referense
microresonators reach lasing threshold. Fig. 3 shows an input/output
characteristic for one micerolaser. Fig. 4 shows a 2X2 array of i1i J. L. Jewell, A Scherer, S L. McCall, A. C Gosuard, and J. H.

microlasers formed by splittinga 60-pJ pump beam into 4 beam... The English, Appl Phys. Lett. 61.94 (1987),

9-pJ energy threshold is larger than the - I pJ for the loest
threshold electrically driven diode lasers

3 
but there is much room f, r Daffy, Technical Digest, CLEO gi, (optical Society of

improvement as will be discussed later The high finesse and strong America, San Francisco, CA) paper FK3.

dielectric confinement attainable in these structures are their chief

advantages over conventional diode lasers Furthermore they are [31 KY. Lau, N. Bar-Chaim. PL Deery, and A Yariv, Appi Phys

inherently surface emitting, making optical access straightforward If Lett. 61. 69 (1987).

similar low energies could be achieved in electrically-driven surface- 141 S.L. McCall and |IM Gibbs. in Optical [hstablhty. editcd by
emitting microlasers, they might be competitive with electronics or C M. Bowden, M. Ciftan, and 11 R. llobl (Pleni, New York,

other diode lasers for chip-to-chip communication 1981), p. I

It is possible to reduce the mtcruresonator diameters much further

approximately to the wavelength in the material. , n. which for GaAs a) AT&T Bell Laboratories. Murray 1ill, NJ 07974
devices is about 1/4 pm. The problem is not so much in constructing b) Hill Communications Resesrch, Redbank. NJ 07701
small microresonators. but coupling the light into them We have e) present address Eng MatIs Dtept , Irniversity of California,
focused light of 0 9 pm wavelength through a hemisphere of SrTiO3  Santa Barbara, CA 93106
with refractive index n=2 4. to a full diameter of only - 0.7 pm Use

of a semiconductor with n >3 allows focusing to -. 0 6 tim and device
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Tunneling-Based Phenomena In
Asyrmmetric Coupled Quantum Wells

J. E. Golub, P. F. Liao, Y. Prior,
D.J. Elienberger, J.P. Harbison and L.T. Florez

Bell Communications Research
331 Newman Springs Road, NVC-3Z286

Red Bank, N.J. 07701-7020

An asymmetric coupled quantum well structure
consists of two dissimilar GaAs quantum wells
separated by a thin AICaAs barrier layer. Inter-
well coupling is mediated by quantum mechanical
tunneling through the classically forbidden
barrier and is manifested spectrescopically as an
avoided level crossing in the excltonic absorp-
tion. In addition, when biased by an electric
field, the coupled well can become spatially in-
direct, with electrons and holes localized in
different layers.

We present spectroscopic measurements of the
interwell tunneling rate at low temperatures.
We also give evidence of a strong optical non-linearity. The spectroscopic results can be
understood in terms of a simple single particle
model; band bending effects are useful in de-
scribing the nonlinearity. We also demonstrate
oscillator strength switching based on tuning
the electron-hole overlap near the transitionfrom spatially direct to spatially indirect.
Finally, we discuss applications to opto-
electronics.
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Quantum Wires and Quantum Dots

Physics and Applications

Kerry Vahala
California Institute of Technology

128-95
Pasadena, California 91125

Certain material growth and fabrication
technologies now allow the control of compo-
sition and structure in materials on an
atomic scale (nanometric scale). This capa-
bility creates new design degrees of freedom
which can be applied to devices and systems.
Control of composition and structure on this
scale epitaxially in one dimension (e.g.,
quantum well and superlattice material) has
been available commercially for several
years and is now yielding a number of de-
vices that exhibit novel properties which
can be controlled during fabrication of the
device. These include quantum well semi-
conductor lasers, resonant tunneling devices,
high electron mobility structures, and a
host of others. In addition, this capabil-
ity has lead to important basic discoveries
such as the quantum hall effect and the
fractional quantum hall effect. Control of
the other two dimensions of the material on
this scale has and remains a very challeng-
ing area of device research. Two of the
simplest possible structures at this size
scale are the quantum wire and the quantum
dot, whicn are the 2- and 3-dimensional
analogs of the conventional quantum well

structure. The physics of these structures
will be reviewed and approaches to fabrica-
tion and measurement will be discussed. In
addition, the potential application of
arrays of quantum wires and quantum dots as
laser diode active layers will be considered.
Quantum dot and quantum wire effects can
be simulated using high magnetic fields.
Results will be presented from simulation
experiments that immerse quantum well laser
diodes in high magnetic fields to achieve
quantum dot effects.
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Quantum Mechanical Effects in Field-Effect

Transistors with Nanostructured Geometries* out the universal conductance fluctuations. Recently, Warren's

T. P. Orlando, P. F. Bagwell, measurements have been duplicated by Ismail et al. in QID

Henry I. Smith and D. A. Antoniadis structures in GaAIAs/GaAs. Subband filling has also been

Department of Electrical Engineering and Computer Science observed by a capacitive method by Smith et a.
3

, and Scott-

Massachusetts Institute of Technology Thomas et al.' have seen strong oscillations in the conductance

Cambridge, MA 02139 of narrow (w 30 nm) and short (; 1 jm) inversion layers in Si.

A variety of quantum mechanical effects have been ob- Coherent Diffraction Effects

served and studied in artificially structured semiconductors Coherent diffraction effects arise by electrons diffrating

and metals over the past decade. These fall broadly into four from artificial periodic structures, also called superlattices. Su-

categories: (1) quantum effects due to reduced dimensionality, perlattices can be made by multilayer growth or by nanofab-

such as in quasi-one-dimensional inversion layers; and (2) quan- rication of surface gratings and grids. The lateral surface su-

tum effects due to coherent diffraction, such as in grating-gate perlattices (LSSL) have a powerful advantage over multilayer

transistors; (3) effects due to interference of quantum wave- stuctures: In an LSSL one can electrically control both the

functions, such as weak localization and conductance oscilla- magnitude of the periodic potential as well as the fermi energy

tions in a magnetic field; and (4) cooperative effects among the of the electrons. Warren et al.' observed regular oscillations

electrons, such as the fractional quantized hall effect. A review in the conductance of Si MOSFETs using a LSSL with a pe-

will be given that concentrates on the first two effects which riod of 200nm. More recently, Ismail ct al." and Tokura and

can be realized in field-effect devices in silicon and Ill-V semi- Tsubakiii observed similar effects using a Schottky-barrier

conductors patterned with 10-100 nanometer scale structures LSSL on GaAIAs/GaAs heterostructures. Stronger coherent

using x-ray and electron-beam lithography, diffraction effects are expected for a grid stucture made by su-

Reduced-Dimensionality Effects perimposing two LSSLs perpendicular to one another because

Quantum effects arising from artificial structures were first true gaps open in the energy bands.

observed in inversion layers of Si metal-oxide-semiconductor In addition to discussing the above two quantum effects,

field-effect transistors (MOSFETs). Here the bending of the we will describe the fabrication, the transport physics and the

bands at the Si/Si0s interface produces a potential which quan- modeling of these devices.

tizes the energy for motion perpendicular to the interface. The "Work supported by U. S. Air Force grant AFOSR-85-0376 and

lowest energy state of this system is the only state occupied at Joint Services Electronics Program grant DAAL03-86-K-0002.

temperatures below 100K so that the electrons in the inversion 1. T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54,

layer are truly confined to two dimensions at low temperatures. 437 (1982).

A two dimensional confinement of the electrons can also be re- 2. R. F. Kwasnick, M. A. Kastner, J. Melngailis, and P. A. Lee,

alized in III-V semiconductor hetero-interfaces. The quantum Phys. Rev. Lett. 52, 224 (1984).

effects unique to two dimensions, such as Landau quantiza- 3. R. E. Howard, W. J. Skocpol, L. D. Jackel, Ann. Rev. Mat.

tion in a magnetic field, are well known and have been studied Sci. 16, 441 (1986).

extensively for many years.' 4. P. A. Lee and A. D. Stone,Phys. Rev. Lett. 55, 1622 (1985).

Further confinement in one of the lateral dimensions of the 5. A. C. Warren, D. A. Antoniadis, and H. I. Smith, Phys. Rev.

two dimensional system results in a one-dimensional system. Lett. 56, 1858 (1986).

Such a system is called quasi-one-dimensional (QID) because 6. K. Ismail, W. Chu, D.A. Antoniadis, and Henry I. Smith,

more than one lateral mode of the wavefunction is permitted, Appl. Phys. Lett. 52, 1071 (1988).

each mode giving rise to a one dimensional subband. The con- 7. T. P. Smith,1l, H. Arnot, J. M. Hong, C. M. Kneodler,

ductance of QID inversion layers is expected to oscillate as the S. E. Laux and H. Schmid, Phys. Rev. Lett. 59, 2802 (1987).

fermi energy is swept through the subbands. In the early 1980's 8. J. Scott-Thomas, M. A. Kastner, H. I. Smith, D. A. Anto-

many investigators fabricated QID structures. However, in the niadis, and S. B. Field, to be published in J. Vac. Sci. Tech..

initial investigations the anticipated oscillations were masked 9. A. C. Warren, D. A. Antoniadis, H. I. Smith, J. Melngailis,

by fluctuations in the conductivity."
3 

The fluctuations, known IEEE Electr. Dev. Lett. EDL-6, 294 (1985).

as universal conductance fluctuations, are due to the interfer- 10. K. Ismail, W. Chu, D. A. Antoniadis, and H. I. Smith,

ence of the electrons' wavefunctions caused by scattering from submitted to Appl. Phys. Lett.

impurites or other imperfections.' Warren et al.' using a MOS- 11. Y. Tokura and K. Tsubaki, Appl. Phys. Left. 51, (1987)

FET consisting of about 250 parallel QID Si inversion layers

observed oscillations in the transconductance and attributed it

to the passing of the fermi level through the QID subbands.

Presumably, the large number of parallel conductors averaged
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Ultrafast Relaxation and Band-Gap
Renormalization in Semiconductors

S. Des Same

Department of Physics and Astronomy

University of Maryland

College Park, Maryland 20742

We will review our theoretical results on two

important problems of electron dynamics in

semiconductor quantum wells. These are the problems

of hot carrier relaxation and of carrier-induced

band-gap-renormalization. Both of these issues have

important implications for non-linear optics and
ultrafast photonics applications of semiconductor

quantum wells.

In the problem of hot carrier relaxation, we will

present detailed numerical results for the picosecond

hot-carrier energy relaxation rate in GaAs quantum
wells. Our theory, which includes quantum degeneracy,

dynamical screening, plasmon-phonon coupling, hot

phonon effect, slab and interface phonon modes, is in

excellent agreement with the available experimental

results. In addition, we predict that the

renormalization of LO-phonons by electronic

quasiparticles gives rise to novel low-energy

quaslparticle-like LO-phonon modes which become very

important loss channels at low temperatures. We

identify these modes as the "missing loss" mechanism

at low temperatures that has earlier been discussed in

the literature. In the problem of band-gap

renormalization, we will present detailed numerical

results for the carrier-induced band-gap

renormalization (BGR) with the RPA theory including
both electron-electron and electron-phonon

interactions. Universality of BGR in both two and

three dimensions will be discussed and our results

will be critically compared with experiment.
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The Role of Metastable Light-Induced We have previously shown that P is an intrinsic
Defects in the Picosecond Decay of parameter, p=T/To, with no dependence upon intensity.

3

Photoindueced Absorption in This indicates that the dispersion is due to multiple
Intrinsic Hydrogenated Amorphous Silicon trapping from an exponential density of states with

distribution width kTo. The To(-T/P) is in excellent
agreement with other transport measurements (at much

Terry L. Gustafson, Harvey Scher, longer times) of the width of the conduction band tail.
Dale M. Roberts and Robert W. Collins Hence, the exponential density of states can be

extrapolated to at least 0.15 eV of the mobility edge.
BP America Research & Development

4440 Warrensville Center Road Unlike P, r exhibits systematic variations with excitation
Warrensville Heights, OH 44128-2837 intensity. We have established a self-consistent approach

to unravelling the intensity and temperature dependence
of r. Consistent with the model of diffusion-limited

The optical and electronic properties of hydrogenated trapping, Invr should be proportional to P- in(btNt)-i,
amorphous silicon (a-Si:H) are of considerable interest implying an Arrhenius T-dependence for r for P=T/To.
owing to the application of this material to photovoltaic (v is the escape frequency, Nt is the density of trap
and thin film electronic devices. A key issue, both states and bt is the capture coefficient.) The variation
related to the defect structure of a-Si:H and device of r with intensity presents a difficulty in establishing
performance, is the nature of metastable light-induced the functional form of r(T). We adopt the following
electronic defects (LIDs).' We have conducted a approach: The relation between 7 and btNt holds and
systematic investigation of the picosecond PA decays for we use this relation to establish important aspects of the
samples of varying defect density over a range of pump dependence of Nt on temperature and intensity, i.e.,
intensities, at several repetition rates, and over a range
of temperatures.

2
'
3  

We have shown that picosecond PA (vr)i0 = btNt(T,I)/bcNc, (2)
monitors dispersive diffusion-limited transport of electrons
in the conduction band tail states in intrinsic a-Si:H. where N. is the density of states and bs the capture
In the present work we observe the systematic effect of coefficient in the conduction band tail. We extrapolate
LIDs on the short tire relaxation and recombination of Nt(T,Ia0) (-Nt(T)) to obtain a neutral trap density.
photoexcited carriers in intrinsic a-Si:H. The values wet obtain for Nt(T) are in close agreement

with the saturated value of LIDs reported by Jackson
The samples used in this work were deposited in a and Stutzmann.. We present independent evidence for
capacitively coupled rf glow discharge system. The this association from low temperature luminescence
steady state optical absorption spectra of the samples quenching and PA amplitude relaxation (at fixed delay)
were measured using photothermal deflection spectroscopy measurements. Thus, starting with a very low defect
and transmittance and reflectance spectroscopy. We density film of a-Si:H one can induce defects, generic to
have presented the details of the picosecond apparatus the material, in a reproducible and controlled way (i.e.
elsewhere.

4  
Briefly, a mode locked argon ion laser by intensity and temperature). Since the electronic

pumped two synchronously pumped cavity dumped dye relaxation (i.e. r-') scales with these defects one can now
lasers to produce independently tunable pump and probe use the transient PA as a sensitive and quantitative
pulses; the time resolution of the system is ~10 ps. probe of further dynamic processes: early recombination
Typical carrier densities in the photoexcited volume were and/or a fuller spectral range of (transient) LIDs. In
1-5x101

7 
cm*

3
. We detected the increase in absorption other experiments, by studying Aa(t) as a function of

using a time modulation technique to eliminate the probe and pump wavelength, we will attempt to locate
thermal background that is present with mechanical the position of these defects in the gap. It is assumed
chopping.

4  
We positioned the sample so that we that a large fraction of Nt is located near or in the

eliminated any interference effect, ensuring that the conduction band tail. If the traps are deep it is
observed decay represented the induced absorption, Aa.5 difficult to understand the recombination of a density no
This step was critical in order to compare quantitatively of electrons and holes within each repetition period.
results obtained at different temperatures. We could
reproduce the PA decays at any temperature and
intensity regardless of the sample history.
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Non-equilibrium Optical Phonon Generation and

Detection In Picosecond-Photo-Excited Germanium

Jeff. F. Young

Division of Physics
National Research Council
Ottawa, Canada KIA OR6

and

A. Othonos and H.M. van Driel

Department of Physics
University of Toronto

Toronto, Canada MSS IA7

A 50 mW beam of 4 psec dye laser pulses at

575 nm is used to repetitively generate a non-

equilibrium electron-hole plasma at the surface 
of

intrinsic Ge at 77K
I
. A 25 MW, perpendicularly

polarized portion of the same beam is used to

obtain Reman spectra from the excited surface for

different delays between pump and probe pulses.

The temporal evolution of the anti-Stokes 
Raman

signals from the longitudinal optic (LO) phonons

([1001) oriented surface) and transverse optic

phonons ([101) oriented surface) were almost

identical. In particular, the phonon population

attains a maximum approximately 5 ps following the

peak of the excitation pulse, and it then 
decays

with a time constant of -B ps. AT 30
V
, the

maximum occurs -3.5 ps following the excitation

pulse and the decay time decreases to -4 ps.

The fact that significant non-equilibrium

populations of both LO and TO phonons are observed

is qualitatively consistent with the fact that hot

carriers in Ge interact via the deformation

potential with optical phonons, whereas in GaAs,

where no hot TO phonons are observed
2
, the primary

carrier-lattice interaction is the Frdhlich

coupling between electrons and LO phonons.

Quantitatively, it is not a priori obvious that

measurable non-equilibrium populations can 
be

generated in any single phonon mode, given that the

deformation potential matrix element 
is independent

of wavevector. A detailed kinetic model including

carrier generation, diffusion, recombination 
and

coupling to the lattice has been developed to

compare with the experimental results. It is found

that the kinematic constraints on energy 
and

momentum conservation in the carrier-phonon

interaction lead to preferential coupling of energy

from the hot carriers through relatively small

wavevector phonon modes. This, in conjunction with

the relatively large carrier densities generated 
by

the pump pulses (-I x 1019 cm-3), quantitatively

accounts for the excess phonon populations

observed in our experiments.

1. J.F. Young, K. Wan and H.M van Driel, Sol.

State. Elect., 31, 455 (1988).

2. 0. von der Linde, J. Kuhl and H. Klingenberg,

Phys. Rev. Lett. 42, 1505 (1980).
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Ultrashort Wavelength Surface
Acoustic Waves Induced on Silicon and

Germanium by Picosecond Pulses
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It is well known that transient heating
of solids and liquids by nanosecond or longer
pulses can lead to bulk and surface acoustic
waves with the frequency spectrum of the
acoustic waves generally reflecting the laser
pulse width. For semiconductors the absorp-
tion of above band-gap radiation leads to
electron-hole pair generation with spatial
profiles determined by absorption depth and
diffusion. With picosecond laser pulses it
is possible to generate very high carrier
densities (>10 

0
cm

-
') and deformation

potential effects accompanying the carriers
can dominate thermal effects in establishing
inhomogeneous strain fields which couple to
surface acoustic waves (SAWs).

In this paper we will show how tightly
focussed picosecond laser pulses with
l<Tp<100 psec, 0.5<l<1.06 pm and at a
repetition rate of 80MHZ can generate and
amplify highly monochromatic SAWs on silicon
and germanium. The wavelength of the SAWs,
which can be as short as 400A, is determined
by the Fourier content of the transverse
and longitudinal strain distribution induced
by the pulses. Amplification of the SAWs
occurs via spatial modulations of the real
and imaginary parts of the dielectric con-
stant leading to preferential feedback for
a particular Fourier component. The SAWs,
therefore, can have wavelengths and orien-
tations which reflect beam or crystal para-
meters. At laser intensities near the
threshold for melting, the SAWs are observed
to be frozen in along directions which reflect
crystal direction.

*Permanent address: Max Planck Institute
FUr Quantenoptick, GARCHING FRG.
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Numerous investigations on the phase transition of silicon

during picosecond laser annealing have been perforned in recent
years. It has been well established that the silicon surface melts
during a picosecond laser pulse.1 Because liquid silicon is a metal,
the reflectivity increases on melting. This has indeed been observed
using optical pump-and-probe techniques.

1- 3  
8 Si

? Rsltssly

When the pump fluence is much larger than the melting
threshold, the temperature of the molten silicon can exceed the
melting temperature. According to a Drude model for the liquid 4
phase one then expects a decrease in reflectivity of the molten
silicon. A simple numerical model, using the one-dimensional heat R
equation to describe the temperature of solid and liquid silicon as a R.
function of time and depth in the silicon sample, predicts that the
reflectivity drop due to the heating above melting temperature occurs 0 -
on a picosecond time scale.

2 
Standard picosecond pump-and-probe,,..,.-"

measurements cannot resolve this reflectivity change because they a" iso iso
integrate over the duration of the probe pulse. 0 30 60 90 120 pn 150

In our setup, time resolution is obtained by directly resolving FIG. t. Relectivity of silicon during icittng , th a pi,oseond la-o
the signal over the duration of the probe pulse. Consequently we can pulse. Ru is the reflectieity of solid silicon. The Ioe er trace sho% s the

study the melting process on a single-shot basis with 1.8-ps intensity of the pump pulse
resolution. The frequency-doubled output of a Nd:YAG laser, with
a wavelength of 532 nm and a pulse duration of 30 ps, is split in the
usual way into a pump beam and a probe beam. The probe, itt turn,
is split in four and recombined to form a longer probe pulse of 120
ps duration, This probe pulse images an area slightly larger than the
melting area on the entrance slit of a streak camera (Hamamatsu
Photonics C1587) which is equipped with a Temporal Analyzer unit
(C2280). This system has a time resolution of 1.8 ps. To enhance
the sensitivity of our measurements, the probe pulse is p-polarized
and the probe angle of incidence is chosen close to Brewster's
angle. At this angle the reflectivity of solid silicon is small (less than
10%), leading to a large increase in the reflectivity on melting. In
addition, each camera trace yields intensity as a function of both time
and position on the melting area. This is to be contrasted with
standard pump-and-probe experiments which contain no spatial
information.

Our results show that the reflectivity change on melting
exhibits a complicated behavior as a function of laser fluence during
the first 100 ps. For the high-fluence regime, in which we are
interested, the reflectivity reaches the value for liquid silicon within
the duration of the pump pulse. This is illustrated in figure 1, which
gives an example of the reflectivity change in the high-fluence
regime. During the 40 ps that the reflectivity needs to reach the value
for molten silicon (about 8 times that of solid silicon), it follows the
trend predicted by numerical simulations of heating above melting
temperature in silicon, 2 

indicating that this really occurs on a
picosecond time scale. Measurements with longer and more uniform
probe pulses are currently in progress,
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Semiconductor Optical Damage in the Femtosecond
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20
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The technological importance of semiconductor laser processing has
spawned numerous studies of single and multipulse laser damage of 5
semiconductor surfaces at a multitude of laser wavelengths and -5 - 4 -3 2 -1
pulse durations[l . Systematic study of semiconductor damage
thresholds and morphologies for subpicosecond laser pulses, log Fluence J/cm 2
however, is completely lacking. This important regime brings
unique physics to the optical damage process--strong absorption
nonlinearities near the melting threshold, the presence of extremely
high transient carrier densities (>102tcm-

3
), minimal time for light Fig. 1. Absorption coefficient of a silicon film as a

interaction with transient surface perturbations, and delay of lattice function of laser fluence for 90 fs. (circles) and 20
heating until after passage of the pulse--which is manifested in novel ns.(squares) pulses at 620 rm. wavelength.
damage threshold behavior and damage morphologies.

We have systematically studied the threshold fluences and damage 1.0 41 0 ns.
morphologies of unetched industrial quality Si and GaAs for both a J % a fs.
single 90 fs. pulse (620 nm.) and for a widely varying number (2 to. .75
100) of multiple 90 fs. pulses. In order to highlight and define the
contrast with longer pulse excitation, we have repeated the same .50 
measurements on the same samples with 25 ns. pulses of nearly the
same wavelength (600 nm.). These comparative pulse trains were .2
supplied by a Rhodamine 640 dye jet pumped by a 20 W. coppervapor laser which served alternately as a 5 KHz repetition rate 0.0
amplifier for fs. pulses from a colliding pulse mode-locked source 1 2 3 4 5
laser[2] or (with source laser and saturable absorbers removed) as a 1 0 10103 10 4 10 10 6

laser source of 25 ns. pulses. For accurate fluence determination,
this source offered a high degree of shot-to-shot stability in pulse N
energy and beam profile. Focal spot profiles were characterized by Fig. 2. Multipulse cumulative damage thresholds for fs.
pinhole transmission, and beam powers were carefully monitored. and s. photoexcited silicon, presented as a ratio
Damage morphology was characterized with a Normarski to single shot thresholds. Note that the single shot
microscope and a scanning electron microscope (SEM). threshold for fs. excitation is 7x smaller than for

We now summarize the major results. Single shots were isolated na. excitation.

from the 5 KHz pulse trains with a pair of synchronized mechanical 1000K at 0.5 FTH(l). From thermal considerations alone,
shutters. For ns. pulses, we measured a single shot melting therefore one might expect a higher threshold fluence for multipulse
threshold fluence FTH(I) (as determined by appearance of surface damage FTH(N) with fs. than with ns. excitation. Instead, our
amorphization) of 0.37 : .05 I/cm 2 for Si. A linear absorption measurements, presented in Fig. 2 for Si, show that the ratio
model (a-t = 2.0 mm.) predicts that surface temperature rises to Fm(N)/Fy[(l) is actually smaller for ft. than for ns. pulses over
1400'K at this fluence, just below the melting temperature the range 2<N<10 6 . A similar trend is observed in GaAs. Hence
(1685°K). The slight discrepancy is explained by thermally-induced the pattern of multipulse threshold reduction shows little dependence
band gap shrinkage during the pulse. For 90 fs. pulses, by on sample, pulse duration, or surface temperature. Clearly the
contrast, we measured FTH(I )=0.05 ± .007 J/cm

2 . A linear mechanism for multiple fs. pulse damage must be ascribed partially
absorption model (ce-t = 2.2 mm.) predicts that the surface reaches to non-thermal causes to explain the unusually low thresholds.
a temperature of less than 500'K. Clearly nonlinear absorption Because of the large carrier density present in the fs. case, a model
reduces the absorption depth, and increases surface temperature based on accumulation of charge at defect clusters, advanced
greatly. We have characterized this nonlinearity by an independent previously to explain cumulative damage in semiconductors by
measurement of self-reflectivity and transmission of 90 fs. pulses below band gap radiation[41, may therefore be appropriate for
from silicon-on-sapphire as a function of fluence. The results are cumulative damage by fs. pulses, even at wavelengths above the
shown in Fig. 1, which presents the absorption coefficient of silicon band gap.
for femtosecond and nanosecond pulses as a function of fluence.
For femtosecond pulses, the absorption depth is nearly ten times This work was supported by the Joint Services Electronics
smaller at F-14(1) compared to the linear absorptiion depth measured Program (Contract F49620-86-C-0045) and by the Robert
at low fluences. By contrast, in GaAs the femtosecond single-shot A. Welch Foundation.
threshold (.075 i/cm

2
) is only 30% lower than the nanosecond

pulse threshold (.11 J/cm 2 ). Consequently in GaAs, linear I. For example A.L. Smirl, T.F. Boggess, .W. Boyd, S.C.
absorption dominates even in the femitosecond regime. We Moss, K. Bohnert, K. Mansour, Opt. Eng. 25, 157 (1986);
observed no surface ripple formation for single 90 fs. pulses, in D.K. Sardar, M.F. Becker, and R.M. Walser, J. Appl. Phys.
agreement with models which require interaction of the light with 62 3688 (1987); P.L. Liu, R. Yen, N. Bloembergen, and R.T.
transient capillary waves in the melt13J. However, clear ripples are Hodgson, in Laser and Electron Beam Processing of Materials,
seen for as few as 2 shots. eds. C.W. White and P.S. Peercy, p. 156 (1980).

2. W.H. Knox, M.C. Downer, R.L. Fork, and C.V. Shank, Opt.
We have also characterized the reduction in damage threshold caused Lett. 9, 552 (1984).
by multipulse cumulative damage. 3. For example J.E. Sipe, J.F, Young, J.S. Preston, H.M. van

Driel, Phys. Rev. B27, 1141 (1983); D.J. Ehrlich, S.R.I.
Because of the strong absorption nonlinearity near FTH(l), small Brueck, and J.Y. Tsao, Appl. Phys. Lett. 41, 630 (19821; P.M.
(-50%) reductions in fluence below FTH (I) rapidly reduce Fauchet and A.E. Siegmann, App. Phys. Lett. 40, 824 (1982).
maximum surface temperature to less than 500 K for fs. excitation 4. N.R. Shetty, M.F. Becker. and R.M. Walser. 17th ASTM
of Si. With ns. excitation, by contrast, maximum surface Laser Damage Symposium, eds. -.E. Bennett, A.H Guenther,
temperature decreases more slowly with fluence, and exceeds D. Milam, and B.E. Newman, Boulder, 1986.
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Abstract No. 608

HARMONIC CROSS-PHASE-MODULATION IN ZnSe Functions Eo and E 0 are the electric 'ield envelope
amplitudes, v and v, are group velocities, k, and K2

P. P. Ho and R. R. Alfano are wave vectors for and 
2
. pulses. respectively.

Parameterr a is the absorption coefficient at 2., -

Institute for Ultrafast Spectroscopy and Lasers VoucX2/2, x
2 

is the second order nonlinearity. -
Fhotonic Application Laboratory 3W2

0
ox'/8k,. and x' is the third order nonlinearity.

Departments of Electrical Engineering and Physics The solution for E20 can be written as'
The City College of New York, New York, N.Y. 10031

E- in A0 expL-az - i(2A.0 2) f
z 
F2(U )Z') dz'J

The use of light to control and to generate light
is most important in the fields of lasers and optical oZFo(U-nz ) exp(az )expL-i&z'' 12Ai0 F l(Uz)Z ,

communlcation. Self-, induced-, and cross-phase
modulation processes' are responsible for the - 2iAo.z. F2(U. nz")dz"]dz' (0)
generation and spectral shift of ultrafast
supercontinuum. The supercontinum spans over 10,000 where U - (t-z/V2)/T; n - (n,-n,)/cT; & - (n P
cm-' from uv to IR with picosecond to femtosecond 2u/c; n,,n

p
, n., and n2

p 
are the group and phase

duration. When two laser pulses of different indices of refraction at - and 2, respectively; A, is
frequencies propagate simultaneously in matter, the initial amplitude of w-puise; F is the pulse
coupled interactions occur'

-
'. This leads to the envelope function; and i is the pulse duration.

cross-phase-moeilation
-  

(XPM) where the spectral A theoretical curve Is plotted in fig.1 using e-.
bandwidth of both pulses increased. In this paper, we 3 and appropriate experimental parameters. The
report on a XPM process resulting from the coupling of temporal distribution of SHG-XPM has shown a
the second order and the third order susceptibilities modulation pattern. Within the coherence length of
in ZnSe. The temporal property of the second harmonic the entrance and exit parts of the crystal, SHG-XPM
XPM signal has been measured and theoretically fitted, signal will have less cancellation. In addition, due

Experimentally, an 8-ps 2-mJ 105-nm laser pulse to the linear absorption and two-photon induced
was weakly focused into the ZnSe sample. The second absorption' in ZnSe, the signal generated at the front
harmonic produced in ZnSe samples was about 10-nJ. portion of the crystal is reduced. Newly generated
The incident laser energy was controlled by changing SHG-XPM wavelengths appear mainly to be emitted at
the neutral density filter. A reference pulse at the exit surface of the crystal. The c~lcuated curve
527-nm was produced in a KDP crystal. Using a beam of SHG-XPM is in good agreement with the easurement.
splitter, 1054-nm and 527-nm pulses were separated This research is supported in par. by Hamamatus
into two different paths. The weak 5

2
7-nm reference Photonics K.K..

pulse was used for calibratlon and passed through a
fixed distance in air to set the zero reference time References
for the streak camera. Only a 1054-nm pulse was used 1. R. Alfano and P. ho, IEEE, QE-24, 3D3 019bbl
to pump the ZnSe samples. The temporal profile and 2. R. Alfano, Q. Wang, T. Jimbo, P. Ho, R. Bhargava and
the propagation time of the pulses which exited from B. Fitzpatrick, Phys. hey. A 35, 459 (1987)
the ZnSe and the reference 527-nm pulse were measured 3. J. Manassah and 0. CocKings, Cpt. Lett. 12, 1-
by a Hamamatsu 2ps resolution streak camera system. (1987)

Measurements of ZnSe SHG-XPM spectra
2 

indicated 4. R. Alfano, P. baldeck, F. Raccah, and P.F. ho, Appl.
that the extent of the spectral broadening about the Opt., 6 3491 (1987)
second harmonic line at 527-nm depended on the 5. R.F-. Alfano, Q. Li. T. Jimbo, J. Manassah and PP.
intensity of the incident 1054-nm laser pulse. When HO, Opt. Lett., 1_, 62o (19btn
the incident laser pulse energy was 2mJ, there was 6. J. Gersten, R. Alfano, and M. Beli, Phy. Rev,, A21
significant spectral broadening from 5OO-nm to 570-nm. 1222 (1980)
There was no significant difference in the spectral 7. R. W. Hellwarth. "Third order susceptililites of
broadening distribution measured in the single and liquids and solids", ed in Prog. Quant. Elect. 5 pp-t
polycrystalline materials. (1977) Pergamon Press.

The temporal profile and propagation time of an
intense 105k-nm pump pulse and induced spectral
broadened pulses propagating through a 22-mm ZnSe SHG-XPM
polycrystalline sample were measured. It took -
189-ps for a 1054-nm pulse passing through the 8
crystal. While the total signal of SHG and SHO-XPM
with wavelength spread from 500-nm to 570-nm
indicated a sharp spike at 189-ps and a long plateau 6
spanned from 189-ps to 289-ps. Pulses of selected
10-nm bandwidth from the SHG-XPM signal had one major
component emitted at nearly Lhe same time as the 4
105k-nm incident pulse. The measured group refractive
indices of ZnSe were ngs., - 3.39 and n ,,00 , -2.57,
respectively. The sharp spike of the SHG-XPM pulses 2
generated In ZnSe appears to have nearly the
propagation time as the pump 1054-nm pulse.

A second-harmonic XPM model is used to explain C .26 240 220 200 80
the temporal and spectral behavlars of the induced 260 240 220 200 180
spectral broadening in ZnSe. The first order partial TIME (ps)
differential equations for SHG-XPM can be written as'

Pig. 1. Calculated curve of the temporal distribution
*E,/az 1 /v, aE,/at - i y !Eko01 E,0 (1) of SHG-XPM from eq. 3. z - 22-mm, i -

6
.74-ps, -

0.3 * O,23xI0-'(YA
) 

cm
-
' where 0.i is the linear

aE0/z I/v, aE,/3z - absorption coeffficnet and the second term Is the
induced absorption coefficient, n2-n, I O.i6, n, P-, -

I a E,92 expL-i(k2-2k,)z] + 21Y IEjg1 EaE - a (2 2.697 - 2.484 - O.ZI, and YA, * 11' cm
"

1.
SH0 XPM Absorption

.7)



Abstrict No. 609
Coherent transient iptical effects in semiconductors

Department of Physics, Bhopal University
Bhopal 462 026, Madhya Pradesh, India The effective dielectric function defined aB

£Ct) = c(t) + ,(I,t) is f,und to be
The rapid developments in the areas of picosecond Ct) = C(t)+2AjVip/Pj

2 
L( /2 )

and femtosecond lasers as well as in sophisticated -(q & (Q)
fabrication tecnnology have made it possible to ob- 06/2) i sIts

serve ultrafast processes in aterials/i/. Of parti- where A = 3' the linear
cular interest are direct gap crystals like GaAs, dielectric function. We define the effective complex
InSb, i igdTe/2/. propagation constant as

Here, we have analyzed the possibility of occ - k'(t)= k'(t) - t,(t) k( E,(t)- ( t)
rrence of coherent transient effects like self in- with k= C0/c. Using De Moivre'e neores, we get

duced trausperancy(SIT) in the above class of crys- )

tals under moderate photoexcitaion limit. k / r

Tne photoinduced electron-hole pair density N can and

be obtained from tne usual rate equation

i t ' (1) Z+ ( /4>O1 9)
with 11 being the quantum efficiency of e-h pair gene-
ration per absorbed photon of energy tL.. 'y is the The above formulations can enable one to study
diffueional decay incorporated e-h recombination life the oscillatory behavior of the transaittivity cs-
time. IE is the constant excitation intensity for pul- efficient and optical nutation for arbitrary pulse
see with peak field E0 . o. (N) is thle transient inten- shapes.
sity dependent absorption coefficient given by/3/ The phenomenon of SIT can be investigated by con-

S(N ) Z -, < -- 2 N / 0) , (2) sidering the propagation of a 2TW-pulse through the
rand N being tne linear absorption coefficient crystal with co>> l >6Land C such that I0 1_.- .

densify of electrons in te valence band at crys- From (7) and (8), one finds that during the first
tal ground state, respectively. One gets the solutions half cycle of the pulse ( O0:5p'T), l (a(t)V). 0
as and 0! b(k,t)J I 1 witn (lob) yielding k. that app-

roaches a finite positive value from zero. During
Q -aaf>d-4oY 2 (3) the aecTnd half cycle j - < 1_ T ), we find

ndOla(t) 1 and l~,b(Zt)ji>O a k' reducing to
i(Ni-a~ ~ r~'flh (4)zero at Pt cv from being negative interag''''0'-(Oj ' '- ( <'' . The transient pulse phase velocity in

with _1( I /.T)1 3j th crystal ( CD/ ) becomes

ations () ad (4) can yield the steady-state 6 -c ) A,/,.(
solutions if one takes t > . This gives 1L " c and can be much smaller (-10-o)

in crystals with lirge o'oand O-f'uch that t<)-'cao
The crystals are assumed to possess nonde -,enerate, be achieved in the nanosecond transient regime remem-

isotropic and parabolic band structures with ground bering tat the photoexcitation should be moderate
state being defined in terms of completely filled va- being tnat tne ie oderaThlence band and empty conduction band. Tne equations with I~ and I 5  being almost of tne same order. This

lenc bad ad emty ondctio bad. he euatonsestablishes the occurrence of self induced tranaPe-
of motion of te probability amplitudes in the crystal establifneenthelocchaenceeofnselfpinducedopaapinground state and excited pair state are given by/4/ fanny of a nearly sharp resonatr pulse propagatind

through the eemiconductind materials without under-

12 ) e ., >( ') (5) goinig any exchange of energy.

and Reiarences

-- K+> - i (ax .ty2 E1/hitk)e °t~)-b(Vt), /1/ C.L.Ta io, in Nonlinear OptichMaterials and

re pectively, for .A( ) fJ(t) and A-c D vic es, d . C.Flytzani nd J.L.Nder (Spris

- k/2ma-) is the transition frequency and ger-Verlag, Berlin, 1986), p.
8 0

.

is te phenomenological damping parameter. Follow- /2/ J.L.Ouder, in Ref. 1, p.91.

ing stanoard ojetnod/4/, one finds tne solutions for /3/ H.M.Gibbs, Optical biatabilitylControlling Light
with Light (Academic, Orlabdot 1985), p.2

6
.a(t)/4/ p.Sen nd P.K.Sen, J. Quantum Electron.,

and

where t e l i4 0 2q

andwe take -2

Under ideal undamped resonant transitions with pulsed
excittion for t -/ , one finds jb(i',t)l' 1 and

t)(- 0 producing complete population inversion.
For real narrow-gap semiconcuctors, one can achieve
It only approximately under nearly sharp resonant mo-
derate phoptexcitation such that tO "a> v > 6 J-.

One can study the wnole class of conerent transient
optical effects by. considering the transient polariza-
tion p(t) (kt)> C,, ( (It)i(t) with
being obtained from the relation

U)6



Abstract No. 610

Ultrafast Dynamics of Ligand Rebinding to Meme at Lov cage which does not permit doming. The relaxed I

Temperature* rebinds CO with an enthalpic barrier which involves

the attainment of a planar transition state- The

Jay C. Postlewaite, Jeffrey B, Miers, and inhomogeneous glass/hems system gives rise to a dis-

Dana D_ DloU tribution of barrier heights, resulting in nonexponen-

tial process I. The unrelaxed * rebinds CO with no

School of Chemical Sciencesenthalpic barrier, rather only an entropic harrier

University of Illinois at Urbana-Champaign which involves mainly CO rotation is present. The

505 S. Mathews Ave. smooth curves in Fig, I are generated with this model.

Urbana, IL 61801 PROTOHEME-CO AT lOOK
Metallonorphyrins are versatile compounds whose

chemical reactivity can be varied a great deal by 0.4
control of the local enviroment via chemical substitu- 425 nm
tion. We have studied the ultrafast rebinding of
photodissociated carbon monoxide to protoheme (PH) and 0
heme octapeptide (HO) in a low temperature solvent 0
glass (glycerol:water 75:25) 11]. The use of a glassy C 416 nm
matrix to contain the heme insures that the ligand
rebinding process is not controlled by ,Iffusion <

through the solvent, but rather by more elementary j -o05
chemical reaction steps. PH is a simple Fe-porphyrin Lj
which Is the prosthetic group found in elementary heme C
proteins such as myoglobin. HO, obtained by enzymatic 410 nm
digestion of cytochrome-C, differs from PH by the
presence of a "basket handle" peptide chain which
provides a covalently bound histidine residue bound to

Fe on the side opposite the ligand. -100 0 100 200 300

The apparatus used for these studies consisted of HEME OCTAPEPTNDE-CO AT lOOK
a dye laser synchronously pumped by a mode locked 0.2 (b) 42 nm
Nd:YAG laser. The = I ps dye laser pulses are ampli-
fied by a Nd:YAG regenerative amplifer f2) to produce 0 , •- . .

50 PJ-I, ps pulses at 570 nm at a pulse repetition
frequency up to 1000 Hz. One half of the pulse is

used to photolyze the heme sample while the other half 
417.6 n

produces a white light continuum used to probe the
large changes in optical density (OD) in the Sorer --
region, 400-440 nm. - -0.5

The processes we study can be roughly divided C

into three stages (1) photodissociation, (2) heme 415 nm
relaxation, and (3) ligand rebinding. The initial
ligand-heme complex, Fe-L is nearly planar, When L is
dissociated, a probably planar intermediate, denoted -1
Fe- -L is formed. The Fe- -L relaxes (domes) to form -100 0 100 200 300
a nonplanar, relaxed five coordinate heme. denoted Fe 0 100 300
+ L in nonviscous fluids. In the frozen glass, this DELAY TIME ps
doming process is somewhat hindered. The Fe-L species
has an absorption maximum, denoted Aco , near 410 ne, %hen PH and HO are compared at lOOK, we find that

the relaxed Fe + L has a maximum, denoted A , near doming is faster in HO (1.5 ps) than in PH (2.5 ps)

425 nm, and the isobestic point, X is near 416 nm. because of tension exerted by the peptide chain. Pro-

Figure I shows kinetic decays, which have the form cess 1* is nearly identical, as expected for igand

AOD (r). at these wavelengths for PH and HO at T - rebinding to planar hemes which differ only in

100 Il. proximal substitutents. Process I is much slower in

HO than in PH because the proximal tension generated

The AC data near 410 no reflect mostly the by the peptide chain makes attainment of the planar

dlssappearanee end subsequent reapparance of Fe-L. transition state more difficult.
The Fe-L disappears promptly, and then reappears in
two ways, an exponential (r 30 ps) process, denoted *Research supported by the National Science Foundation

1*, end a nonexponential process denoted I. The A through grant NSF DMR 87-21243
data near 425 no reflect mostly the appearance gM

relaxed Fe + L, and its subsequent di.appearance The 1i J. C. Postlewaite. J. B. Micro, and D, D Dlott.

Fe + L does not appear until a few ps after Fe-IL J. Am. Chem. Sac iin pressl.
disappears. This is the relaxation rate for the hems.

Then Fe + L is destroyed by nonexponential process 1. 12) J. C. Postlewaite, J. B. Miers. C. C. Reiner. and

At AIa, contributions from Fe-L and Fe + L cancel 31, . D. D lot, IEEE J. Quantum Electron Q.j2.4, 441

and only Fe- -L species are seen. Two Fe- -L species (1988).
are observed, a short lived species (r - 2 ps), whose
decay correlates with the appearance of Fe + L, and a 13) D. D. Dlott, J. AD. Chem. Soc. in presss]
long-lived species (r x 30 ps) whose decay correlates
with process I*.

Our physical picture of this system is as fol-
lows. In the glassy matrix, heme exists in two

states, 1. characterized by a cage with enough free
volume to permit doming, and *, chararterized by a

A,7



Abstract No. 611

Investigation of Optical attributed to changes in the electronic

Spectroscopy of Cancerous and Normal structures of fluorophors in the cancer
Human Tissues tissues.

R. R. Alfano, G. C. Tang, A. Pradhan, This research is supported by SDIO.
S. Wenling

Institute for Ultrafast Spectroscopy & Lasers
Physics Dept., City College of New York

New York, NY 10031

Previous spectroscopic studies on animal
tissues have been extended to humans. Steady
state, excitation spectra, and time-resolved
spectroscopic dynamics from normal and tumor
human tissues have been studied and will be
presented.

Fluorescence spectra from normal and tu-
mor human breast and lung tissues have been
measured. Normal breast tissue spectra show
three distinct peaks at around 520nm, 550nm
and 600nm while the tumor spectra show
a smoothening of the profile with less struc-
ture. Most normal breast tissue spectra have
Raman peaks while the tumor spectra have none.
In the lung spectra, the normal show three
distinct peaks, or in some cases two distinct
peaks with the second peak missing while the
tumor has a smooth profile. The main peak is
attributed to flavins while the third peak
may be associated with porphyrins. The tumor
peaks are either blue or red shifted, depend-
ing on the organ, as compared to the normal
tissue main peaks. This could be due to the
accumulation of positive or negative charge
in the molecules. The smoothening of the
tumor profile could imply a deficiency of
porphyrins. The steady state measurements
have been done with excitation at three diff-
erent wavelengths: 457.9nm, 488nm and 514.5
nm and distinct differences were obtained at
all three wavelengths.

The time-resolved spectra have bemn mea-
sured at 530nm and 350nm excitation to study
the dynamic behavior of the molecules. The
measurements obtained using a Nd:glass laser
and a streak camera showed two decay times,
a slow and a fast component. The fast com-
ponent of the tumor tissues is faster than
that of the normal tissues while the long
component is almost the same. The fast com-
ponent and the slow component of the normal
lung tissue are 220 ps and 2650 ps, respec-
tively while those of the lung tumor tissues
are 120 ps and 2600 ps, respectively. The
shorter fast component of the tumor tissues
implies that there could be more nonradia-
tive pathways in the tumor than in normal
tissues.

The excitation spectra of tumor and nor-
mal tissues measured at emission wavelengths
520mm, 550nm and 600nm corresponding to the
three peaks in the fluorescence spectra of
normal tissues have been obtained. The over-
all excitation spectra showed broad uv and
visible bands. The norma] spectra showed
three peaks within the uv band while the tu-
mor spectra showed a smooth uv band as well
as a larger visible band. The uv band of the
normal spectra have peaks at 336nm, 352nm
and 371nni.

'These spetr scop i c differences are
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Abstract No. 612

Time-Resolved Fluorescence of Nucleic Acids We observe two classes of Y-base derivative

fluorescence (fig. and Table 1). One class is
Thomas M. Nordlund dominated by subnanosecond decay times, the

other by decay times of 7-10 ns. Rapid fluorcocncc
Dept. of Biophysics, Dept. of Physics & Astronomy, decays observed for the Y base derivatives 1 and 4
and Laboratory for Laser Energetics, University of

Rochester, Rochester, NY 14642 USA and in DMSO contrast with the predominant 7 ns decay

Dept. of Medical Biophysics, Karolinska Institute, S- observed in the case of tRNAPhe (in water with

104 01 Stockholm, Sweden Mg++). Compound 15, with ribose attached to the

"unnatural" 5 N I rather than the "natural" N 3

The dynamic fluorescence of nucleic acids is position of the ring, and the free base show long

determined by at least three general properties: lifetimes. Chemical modifications on the more

chemical structure of the nucleic acid, conformation remote ribose ring periphery also affect the

of oligomeric or polymeric species, and electronic properties of the Y base.

environment (temperature, solvent, etc.). This

paper explores some specific examples of the effect ACKNOWLEDGEMENTS

of conformation and chemical structure on the Y base work done in collaboration with J.

decay of excited nucleic acid bases. Chattopadhyaya and R. Rigler. deoxy-2AP was
graciously provided by L. McLaughlin. Supported in

Adenine derivatives part by the U.S. National Science Foundation (U.S.-

The fluorescence decay of the monomer ribo- Sweden Cooperative Science Program), the U.S.

adenosine monophosphate (rAMP) is described by a National Institutes of Health (Fogarty International

time of 10 ps or less (Table 1). The single-stranded, Fellowship grant I F06 TWO1332 and grant

but base-stacked poly (rA), on the other hand, has CA41368), the Sponsors of the Laser Fusion

two emission components: one of about 10 ps decay Feasibility Project at the University of Rochester,

time and the other a red-shifted component of the Swedish Board for Technical Development and

about 100 ps. This latter component may be the Swedish Natural Science Research Council.

excimer emission. 2-aminopurine (2AP). a

modification of adenine where the amino group is t A. Grislund, F. Claesens, L.W. McLaughlin. P.-O.

moved from the base ring 6 position to the 2 Lycksell, U. Larsson and R. Rigler (1987) in
Structure. Dynamics and Function of

position, shows a 10-ns decay. Similar long lifetime Biomolecules, eds. A. Ehrenberg, R. Rigler, A.

components persist when 2AP is incorporated into Graslund and L. Nilsson, Springer-Verlag, Berlin.

ribo- or deoxyribo-oligomers.
1. 2  pp. 200-207.

2 F. Claesens (1987), thesis, Dept. of Medical

Thymine derivatives Biophysics, Karolinska Institute, Stockholm,

Deoxy thymine monophosphate (dTMP) and Sweden.

poly (dT), which forms a non-stacked but ordered 3 T. Nordlund, R. Rigler, C. Glemarec, J.C. Wu, H.
single helix, both show simple fluorescence decays Bazin, G. Remaud, and J. Chattopadhyaya,

submitted to Nucleic Acids Research.

of 5 ps or less. No evidence for excimer formation is 4 F. Claesens and R. Rigler (1986) Eur. Biophysics J.

observed. 13:331.
5 C. Glemarec, J.-C. Wu, G. Remaud, H. Bazin, M.

Y-base derivatives 3 Oivanen, H. Lbnnberg and J. Chattopadhyaya

Measurements of the fluorescence decays of (1988) Tetrahedron 44: 1273.

wybutine in tRNAPhe show that much of the decay

is described by a 7-ns lifetime in 0.1 M KCI and 5-

20 mM Mg++, but without magnesium the largest

amplitude decay times are about 300 ps and 2 ns. 4

We have measured the dependence of the

fluorescence on the Y-base chemical structure in

order to understand the fluorescence behavior in

tRNAphe, as Y-base fluorescence is a useful

structural/dynamics probe.
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TABLE 1. Fluorescence decay parameters of some FIG. 1. Structures of modified Y nucleosides used in this

nucleic acids at room temperature. study. Me = methyl; Ac = acetate.

Compound a Fluorescence Amplitude Notes
Decay Time (ns) 0 R2

rAMP 0.010 -I b~c <~ii~ ~ Me
Poly (rA) -0.008 - b,c

0.10 - b,c,d RIO
Ma

2-aminopurine 10.1 1.00 c,e

dTMP !0.005 -1 b,c R'O OR
1

Poly (dT) <0.005 -1 b.c 1 21 : R=R=H

1 0.24 0.98 ef 1 2

1.08 0.01 4 R = Ac. R = H
7.39 0.01

4 0.53 0.95 ef
2.05 0.04 Me

8.95 0.01 1

15 2.61 0.04 ejf6' i Me
10.12 0.96 SN , f

Free Y base 8 7.0 1.00 e.f AcOL,,O I O

a r indicates ribo-; d indicates deoxyribo-. Y-base
compounds numbered in conformance with ref. 5.

b Measured by streak-camera techniques AcO OAC
c Measured in aqueous solution near neutral pH.
d Component red-shifted in emission wavelength 15

Measured by time-resolved single photon counting
Measured in DMSO. The choice of DMSO as solvent was
made on the basis of the good solubility of all Y-base
compounds.

g Y base with CH 3 at N
4 

and C
6 

and H at N
1

. H O

_M.

N N N
I
Me
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Abstract Ne. 613

Picosecond Time-Resolved Infrared Measurement of the anisotropic change inSpectroscopy the IR absorbance upon photodissociation has
allowed the equilibrium iron-carbonyl

P. A. Hansen, J. N. Moore and geometries to be determined for these
R. M. Hochatrasser systems. All exhibit distortion of the FeCO

unit from the configuration observed in
Department of Chemistry X-ray diffraction studies of crystals of modelUniversity of Pennsylvania porphyrins, where the unit is observed to be
231 S. 34th Street linear and oriented perpendicular to the

Philadelphia PA 19104 heme plane. For carboxymyoglobin, two
distinct configurations were observed
corresponding to the two principal bands in

A method for obtaining infrared spectra the IR absorption spectrun,. or

and kinetics with picosecond time resolution protoheme-CO, the degree of distortion from
is presented. The IR probe in the experiment a linear perpendicular configuration is found
is the output of a tunable cw diode laser. A to depend upon the solvent in which the
change in the IR absorbance of the sample is molecule is placed.

induced by a pulse of visible or UV
radiation. The transmitted IR radiation is sum The IR apparatus has also been used to
frequency mixed with a second pulse of study the photodissociation of transition
visible radiation in a non-linear crystal of metal carbonyl complexes, again by
lithium iodate to generate radiation in the observation of the bound CO stretch bands.
visible wavelength region, allowing detection Preliminary results for such systems will be
with a photomultiplier tube. Kinetics are presented.

obtained by varying the time delay between
the photolyzing and upconverting pulses at a
fixed IR frequency, while transient spectra This work is supported by grants from
may be obtained at a fixed time delay by NSF and NIH.

scanning the IR frequency. In addition,
anisotropic changes in the IR absorbance on
photolysis may be observed by using parallel
and perpendicular relative polarizations of
the photolysis and IR probe beams.

The pulses of visible radiation are
obtained from two dye lasers which are both
synchronously pumped by the frequency -
doubled output of a mode - locked and Q -
switched Nd:YAG laser. The pulses are I -
10 AJ in energy and 20 ps (FWHM) in
duration and may be selected from the dye
lasers at a repetition rate of up to 1.2 kHz.
The time resolution of the IR detection is
attained through the upconversion process.

This experimental arrangement has been
used to study the photodissociation of CO
from the carboxy- derivatives of hemoglobin,
myoglobin and protoheme in ambient
temperature solution. The observations have
been made on the principal bound CO stretch
bands ( 1930 - 1970 cm-' ). The transient
bleaching spectra of all the systems have
been shown to mirror the steady-state IR
absorption spectra of the CO-liganded species
and have also been observed to display
pulsewidth-limited risetimes. This is in
agreement with the results of time-resolved
UV/visible absorption studies. The protoheme
system in high viscosity solvents displayed
recovery of the bound CO band on the
picosecond timescale due to geminate
recombination, while no such recovery was
observed in solvents of low viscosity nor in
the case of the heme proteins.

m n •• mmNm~pm m=m i



Abstract No. 614

Ultrafast Electronic and Acoustic Effects in
Conducting Polymers

Zeev V. Vardeny

Department of Physics, University of Utah
Salt Lake City, UT 84112

The polarized picosecond pump and probe
technique with S0 fsec resolution has been used to
generate and detect electronic excitations and
propagation of ultrasonic phonons in thin films of
oriented and unoriented polyacetylene and poly-
thiophene, with excitation beam polarized parallel
and perpendicular to the chains direction. For
excitation parallel to the chains direction we
found that the photoexcitations areinstantaneously
g enerated followed by a power law decay, which is
interpreted as fast geminate recombination; only up
to about 2% of the intrachain carriers are able to
escape the fast recombination. In addition to intra-
chain photoexcitations, we found for excitation per-
pendicular to the chains direction a slow rising
component interpreted as due to interchain excitations.
This component lives much longer and is in fact partly
responsible for the metastable photoexcitations ob-
served with other much slower techniques.

The photoinduced ultrasonic vibrations are
generated by the photoinduced thermal stress
associated with the heating of the thin absorption
layer by the pump pulse. The induced stress in turn
launches a strain wave into the film which bounces
back and forth inside the film with diminishing amp-
litude. We have used this phenomenon to measure the
sound velocity and ultrasonic attenuation for phonons
in the frequency range of S to 200 G1tz in trans and
>-;ich polyacetylene and polythiophene. Among our
results we have found a superlinear acoustic phonon
dispersion relation for frequencies in the range of
S to 50 Gliz.
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Abstract No. 615
Time-Resolved Absorption in Oriented Trans-Polyacetylene

L. Rothberg and T. M. Jedju
AT&T Bell Laboratories

Murray Hill, New Jersey 07974

P. D. Townsend, S. Etemad and G. L. Baker
Bell Communications Research
Red Bank, New Jersey 07701

Trans-polyacetylene is a quasi-one-dimensional organic
semiconductor with a conjugated structure consisting of
alternating single and double bonds between carbons on the
chains. Replacing single bonds with double bonds and vice-
versa leaves a degenerate ground state "phase" of the material.
In this context, solitons are essentially domain walls between
the different ground states (bond alternation phases) of the
material which coexist on a single chain. Since the energies of
each phase are equal, the domain walls are free to propagate
along the chains. Mobile charged solitons have been found to
be important in the doping and light induced conductivity of
trans-polyacetylene.

The mid-bandgap photoinduced absorption in trans-
polyacetylene is characteristic of these photogenerated charged
domain walls.t We report subpicosecond resolution
measurements of the photoinduced midgap absorption dynamics
in oriented Durham polyacetylene where it is possible to effect
a better separation between intrachain and interchain excitation.
Pumping with above gap radiation (2 eV) having polarization
parallel to the chain direction leads to intrachain excitation.
We observe direct formation of charged soliton pairs as
predicted by Su & Schrieffer.

2 
The solitons are formed with

high quantum yield and recombine rapidly (0.5-1 ps). The
intensity dependence of the photoinduced absorption indicates
that saturation is due to filling the entire excited volume with
charged solitons. Saturation of the midgap absorption
coincides with saturation of the interband bleaching. Volume
(or phase space) filling therefore quantitatively explains the
origin of the third-order nonlinear optical susceptibility.

3

A red shift in the soliton spectrum at zero decay is observed
and can be associated with the soliton absorption before they
have reached equilibrium. The formation and equilibration of
the solitons occurs in less than our 0.5 ps instrumental
resolution, consistent with the Su-Schrieffer predictions.

Pumping with polarization perpendicular to the chain direction
also generates principally Su-Schrieffer soliton pairs.
Importantly, however, interchain excitation also occurs and
indirectly produces a second set of charged solitons. Polarons
are created which diffuse until captured by neutral solitons
originally in the material. The resulting charged solitons have
a "long" lifetime and differ in their behavior with temperature
and density. We will discuss the implications of their
formation and decay dynamics for recent photoconductivity and
millisecond transient absorption measurements in trans-
polyacetylene.

References
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(1980).

2. W. P. Su and J. R. Schrieffer, Proc. Natl. Acad. Sci.
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Long Wavelength Determination of
the Spectrum of X(

3
) In Polyacetylene

Using Infrared-Free-Electron Laser

W-S. Fann, S. Benson and J. Madey
Stanford University
Stanford, CA 04305

and

S. Etemad, G.L. Baker and F. Kajzar*
Bell Communications Research

Red Bank, NJ 07701

The spectral dependence of the third order optical
susceptibility (X 

(3 )
) of trans-(CH). has been determined

using a tunable infrared free electron laser. In addition to
the previously reported

1 ]
' two-photon resonance

enhancement at 0.9 eV, we have observed a much
stronger resonance enhancement at 0.59 eV (2.1 #Lm).
The peak in X

(3) 
at 0.59 eV is attributed to a three-

photon resonance at 1/3 of E., the band gap. The three-
photon resonance enhancement is sharp (-0.1 eV wide)
and the magnitude of X

(3 ) 
at its peak is in excess of 10

- 8

esu. This is the largest value of electronic (
(3) 

in a bulk
semiconductor. In addition, we note that the position of
the three-photon resonance is at 2/3 the energy of the
two-photon resonance.'

1 
Therefore, the state responsible

for the parity conserving two-photon transition lies at the
band-edge. In contrast to the case of isolated polyene
molecules,

[21 
in polyacetylene the first covalent and the

first ionic excited states appear to lie close to each other
in polyacetylene. This work emphasizes the importance
of an infrared free electron laser for high-resolution
spectroscopy and is the first report of its use in
condensed matter.

* Permanent Address: CEA-IRDA, Saclay, 91191 France.

[I F. Kajzar, S. Etemad, G.L. Baker and J. Messier, Solid State
Commun. 63, 1113 (1987).
[2) K. Schulten, I. Ohmine, and M. Karplus, J. Chem. Phys. 64,
4422(1976).
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Abstract No. 617

rower than reported earler.
131 

We attribute this difference to the
Picosecond Studies of PTS: Resolution of difference In spectral resolution of the two different spectrometers

a New Metastable State used. The data In Fig. 2b represent the pump energy dependence
of the slow signal. The probe was fixed at 1.976 eV and the pump
veried between 2.120 eV and 2.033 eV. Note the presence of the

. J. Blanchard, J. P. Heritage, 13. L. Baker. S. Stad fast signal component in all of the traces. The slow signalGJ.Belanhard J.oP.mu iagn G . . decreasee with decreasing pump energy and vanishes by 2.033Bell Communications Research, tnc. eV, -55 meV above the singlet exciton absorption maximum.
331 Newman Springs Road

Red Bank, New Jersey 07701 The slow signal energy signature shown in Fig. lb is centered
on the slinglet exciton feature presented In Fig. 28. The shape of
this slow response is characteristic of a free-carrier plasma-inducedConjugated polymers which posses a large )

(
l
3 ) 

have been bleaching and broadening phenomenon,[
4 

known to occur for lowInvestigated extensively due to their potential application to optical exciton populations in 2-D semiconductors.lP] in order to better
signel processing as well as their ultrefast relaxation processes. In understand this slow response, we present the time dependence ofaddition, the polydiacetylenes, due to their well Isolated polymer both the slow and fast signals at 26.51K and 300°K. The fast sig-backbones and macroscopic crystalline structure, have been used nal follows the laser cross correlation at both temperatures. Theas model one-dimensional semiconductor systems. The electronic character of the slow response changes, however, with the change
spectroscopy of one polydiacetylene, poly-(2,4-hexadiyn.1,6-diol- in temperature. It is clear from the time delayed build-up shown in
bis(p-toluene sulfonste)] - PTS, Is accounted for largely by exci- the low temperature data that the fast and slow signals are not due
tonic features, with a singlet exciton absorption near 2 eV and a to two different time constants in a single decay process. Theselong-lived (-50i.s) triplet exciton induced absorption at 1.4 eV. The data suggest a delayed repopulation of the singlet exciton. it canmajority of recent time-resolved investigations of PTS have been be concluded that the storage of energy observed here involves a
concerned with the ultraltst relaxation processes of the singlet relaxation process with more than one step.exciton. We have presented a study of the polydiacetylens PTS i' theIn this work we report our picosecond pump-probe transmission small spectroscopic signal limit. Our data reveal a sign change inspectroscopic results on PTS. We have examined the spectros- the energy dependent response of the singlet exciton, indicatng
copy of the singlet exciton absorption band and have determined that in the small signal regime, more than one spectroscopic pro-that it Is somewhat narrower than reported previously, We have tess contributes to the Observed fast signal, We also report our
observed an energy dependent sign change in the slnglet exciton discovery of a metastable energy state in PTS. The energy stored
transient bleaching signal, indicating that the proposed phase- in this metastable state repopulates the singlet exciton with a timespace filling model does not explain completely the spectroscopy of constant of 130= 10 ps at 300°K and 3.95±0.45 ns at 26.5°K, Thethe singlet excitont. In addition to the aforementioned results, we energy level through which this repopulatlon occurs lies above
have discovered a new metastable state In PTS, whose origin lies 2.033 eV.
-65 meV above the singlet exciton absorption maximum.

In several previous Investigations h~h peoal power light pulses REFERENCES
were used, with intensities of 10 

- 
10 W/cm incident on the

sample. Such Intensities correspond to -1 photon per PTS unit
cell. 11 this lryeatlgation, we use peak light Intensities on the order 1. B. I. Greene, J. Orenstein, R. R. Millard and L. R. Williams,
of 10 W/cm , providing excitation of approximately 1% of the Phys. Rev. Lett., Si. 2750. (198?).
sample. Picosecond pump-frobe transmission spectroscopy is
used for this Investigationl

t
. The cross correlation of this system, 2. G. J. Blanchard, J. Chem. Phys., 87, 6802, (1987).

which determines its te?4poral resolution, Is 10 pe, with a spectral 3. B. I. Greene et at., MRS Symposium on Nonlinear Optical Pro-resolution of -2.7 cm* . The triple modulation detection system Is perties of Polymers, Fall, 1987, Boston, MA.
capable of shot noise limited senslfvlty and the signals detectedhere are on the order of AT/T= 10'

=  
4. D. S. Chomla, D. A, B. Miller, P. W. Smith, A. C. Gossard andW. Wlegmsnn, IEEE J. Ouent. Electron., QE-20, 265, (1984).

We have performed two classes of experiments: 1) those in
which the probe energy is varied for s fixed pump energy and 2) pt. von Lehman, 0. 5. Chemia, J. E. Zucker and J. P. Heritage.
those In which the pump energy Ia varied while holding the probe Opt. Left., t, 809, (1986).
energy constant. Results from the first class of experiments are
presented In Fig. Is. where the pump energy Ii fixed at 2.120 9V
and the probe energy is varied. From the decay of the signal, two
separate signal components were Identified. The fast component C
follows the laser cross correlation, while the slow component Is 2 120eV
measured as 130± 10 ps at 300*K. The energy signatures of the + ,P - 1 0V
two signal components are shown in Fig. lb. The fast response is lxvi
determined by the relaxation processes of the singlet exciton, The
positive AT/T signal for probe energies > 1.98 eV Is due to bleach. 0 953
Ing of the singlet exciton. it is not clear whether this bleaching is 1 968
due to depletion of the ground state or to a reduction in oscillator
strength associated with phase space filling.i0 The negative ATIT I gel
signal for probe energy < 1.96 eV is not predicted by the phase 2 000space filling model and is due to excited state absorption from the
singlet exciton to the continuum, This energy dependent sign 20'
change in the fast response demonstrates that the phase space fil-
ling model does not explain completely the spectroscopy of PTS in - 3
the small signal limit.

8 ptt
Data from the second class of experiments are presented In

Figs. 2. Two different fixed probe energies were chosen to deter-
mine the pump energy dependence of both the fast and slow relax- 0 scun time (ps) 300
8tion processes shown In Fig. 1. The spectrum In Fig. 2a was
taken at the fixed probe energy of 1.908 OV, where there is no con.
tribution from the slow signal. In this experiment the pump was
varied over the singlet exciton absorption band. The probe monitors
excited state absorption, producing an excitation spectrum of the
PTS singlet exciton. This spectrum reveals a feature width nsr-

i I inllm litl 5m i
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Abstract No. 618

Ultrafast Imaging of Optical Damage and

Laser-Induced Waves in PMA+

Hackjin Kim, Jay C. Postlewaite, Taehyoung Zyung and

Dana D. Dlott*

School of Chemical Sciences

University of Illinois at Urbana-Champaign

505 S. Mathews Ave.

Urbana, IL 61801 USA

In this work, we have built an apparatus for ultra-
fast microscopy, and have applied this technique to the

problem of optical damage dynamics in a transparent
polymer. A video camera, video frame "grabber" and a

computer are used in our experiments instead of a
single photodetector as in a conventional ultrafast
spectroscopic experiment. This technique is quite

similar in concept to the ultrafast imaging technique
used by Downer, Fork and Shank [1) to study ultrafast

melting of silicon, except that we use computer digi-

tized images rather than film.

These experiments were performed with a home-built
laser system which has been previously described [2].
PMMA (polymethvl methacrvlate) is damaged with a

tightly focused 80 ps laser pulse and the damage nro- Figure I. Dynamic image obtaine! from optical damage

cess is imaged with a delayed probe pulse which is of P 1MA in air at the delay time of 8 n,.

counterpropagating with a different polarization. A Core formation is accompanied by formation
three dimensional plot of an image is shown in Fig. 3 and propagation of a bvpersooic shock wave
which is acquired in air at the delay time of 8 ns. in the air (outer ring structure).

The dark area of the image is plotted as a valley in

the figure. The outer ring of Fig. 1 proDagates out-
ward from the damage core at a high velocity, which in

its initial stages is as much as twenty times as fast

as the velocity of sound in air. This ring is not

observed in vacuum, so it is surely due to a shock

wave in the air above the damae region, The inner

circle, which is observed both in vacuum and in air

as a ring pattern in the magnitifed images acquired
at longer delay time, propagates away from the core at
a velocity of sound in PMMDA.

The absorption ratio change of the permanent
damage area is analyzed with the images acquired at

the very beginning of the damage pulse. The qualita-

tive picture of the damage process which arises from
the absorption change analysis is that severe damage
is produced in the leading edge of a powerful laser

pulse, but near the trailing edge with les power

pulse.
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Abstract No. 619

LiNbO. for Integrated Optical Devices the refractive index upon the application of an elec-

tric field. The linear electrooptic coefficients in

F. Leonberger, T. Findakly, P. Suchoski,M. Abou el leil LiNbO3 are represented by the following matrix ele-

ments after tensor reduction: 2 f 12 = - r 22 , r 13, r22

United Technologies Research Center r 2 3 , r
1 3 

- r 33 , r 4 2 , r 5 1 ' r 4 2 , r., - r22 with all

Silver Lane other r.'s - 0. The values of these coefficientsii
East Hartford, CT 06108 depend on the mechanical conditions of the material

under measurement. For most integrated optic applica-

tions (high frequency operation), strain free condi-

tions apply in which case ri have the followinm

values .. 86 30f8, rS - 28, and r

3.4 015/v. Under static electric field conditions,

the stress free values of r account for the strain
induced by the dc field caused by elastic effects (ri

3 r§. . P.k d..) where P and d are photoelastic and
used for integrated optic devices because of its good pzolectricicoefficients. The constant stress
electrooptic and acoustooptic properties and the sbil- r r r

tyvalue Tf Ti 10, r T

ity to form low-loss optical waveguiding circuits on vales of r. are r12 1,r 33 
- 32.2, r

5  
32, and

its surface. During the last fifteen years, a wide r
2 2 

- 7.0 04/m. The refractive index change (w)

range of functional integrated optical devices have observed along the principle axis of LiNb3 are

been demonstrated using LiNbO 3 
for various applica- t and mti nuation An is give

tions including comunications, sensing, instruments- tensor and matrix manipulation An i 
is given by:

tion, and signal processing.

The material was first synthesized in crystal [ r Ey r 1,E - r22 n r5

form at Bell Laboratories. Crystals are grown by the

Czochralski pulling technique. It has a trigonal y -r r22 y r 1 51Ey nr 1

crystal structure characterized by large electrooptic, 5 rrl 5 y r 33 n
piezoelectric, pyroelectric, and photoelastic coeffi-

cients. This has been used to advantage in such

applications as acoustic wave devices (transducers, The diagonal elements in the [rE] matrix yield a

delay lines, filters, etc.), optical device; (modula- modulation in the wavevector and therefore phase of

tors, switches, second harmonic generators, Q the optical wave. The off-diagonal elements induce

switches, beam deflectors, etc.), as well as signal polarization modulation between the orthogonal

processing devices (holographic elements, memory components of the light wave. These two effects are

elements, etc.). very important for device operation and constitute the

A LiNbO. crystal exhibits three-fold symmetry cornerstone of integrated optic device design and

about the c-axis. Additionally, it exhibits symnetry operation. The most efficient element of the index

about three planes that are 60" apart which intersect modulation matrix is r
3 3 

E. since r
3 3 

is the largest

forming a three-fold rotation axis. Therefore, LiNb0
3  

coefficient. Other physical effects in LiNbO
3 
such as

is classified as a 3m point group below 1200"C.
1 

The pyroelectric, piezoelectric, photoelastic, and

prevalent coordinate system used to describe the photorefractive effects will not be covered in this

tensor properties is neither hexagonal nor rhombo- paper. Reference 3 provides a good review of these

hedral but rather cartesian (x,y,z). The z-axis is effects.

chosen to coincide parallel to the c-axis, and the Optical waveguides in LiNbO 3 
can be fabricated by

x-axis is chosen to coincide with an equivalent several methods in which a modification is induced to

hexagonal axis a %. The y-axis lies in the plane of yield a region of increased refractive index in which

mirror symmetry so as to make the system right handed. light can be guided.
4  

These methods include Li 20 out-

The material is commercially supplied in three sub- diffusion, metal indiffusion, proton-exchange, and ion

strate forms designated as z-cut, x-cut, or y-cut such implantation. Of these methods, the indiffusion and

that the z, x, or y axes are normal to the surface of proton-exchange are the most efficient. Ti-indiffu-

the substrate, sion, the most widely used technique, is usually

LiNbO
3 
is anisotropic and due to crystal symmetry carried out by diffusing Ti (300-700 A) thick at about

about the c-axis, the permittivity is the same for 1000'C for 4-7 hr. Waveguiding is achieved along n

fields in a plane perpendicular to the c-axis. The and ne with typical loss of 0.5-1.0 dR/cm. Ti-diffu

relative permittivities eij, :re c 11 ' 22 3" The sion yield guiding layers about 2-3 us thick, and when

value of these parameters pertinent to device patterned in two dimensional channels (4-6 un wide)

specifications such as capacitance depends on yield a numerical aperture of about 0.07-0.1 which

frequency. At frequencies well above the mechanical correspond to an index increase of a few 10
- 3

. While

resonance, strain free values (Cis) are used. At very Ti-diffused LiNbO 3 has been the workhorse for inte-

low frequencies, stress free values ( r) are used. grated optic devices, recent requirements for special
The measured values under these conditions are: I device operation led to the development of the proton-

78, T , 3 S- 28. The material in exchange method.
5  

Following this technique, H pro-c 8 33 - 32, tc - 43, ein 2.Th atral

also birefringent with extraordinary and ordinary tons are exchanged for Li* ions at low temperature

indices n
e 

- 2.2 and n
° 

- 2.286 at 0.613 a wave- (200-249°C). A high index increase (- 0.12) is real-

length. ized in ne only while a reduction in n
o
. The laver of

The linear electrooptic effect is one of the high index is very thin, typically < 0.5-I on, which

material's most important properties for integrated is not practical for single-mode operation since it

optic applications. This effect refers to a change in doesn't match well with the numerical anerture and
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size of commercial single-mode fibers. Therefore, The LiNbO 3 integrated optic technology has at
annealing is carried out at 300-350°C for few hours to present reached a good level of maturity and coner-

relax the net index increase and to increase the cial production is being pursued by a few companies.
guiding layer depth.

6 
Such waveguides are highly A certain degree of engineering as related to applica-

polarizing (50-60 dB extinction), low loss (0.3-0.5 tion pertinent issues is under continued investiga-
dB/cm) and compatible with single-mode fibers making tion. Such issues include reliability, packaging,
them very useful for special applications which cost, environmental survivability, etc. Areas of

require minimum polarization cross-talk.
6  

application such as fiber optic rotation sensors,
The linear electrooptic effect has been used to instrumentation, optical communication, and signal

effect intensity modulation, phase modulation, fre- processing are evolving to take advantage of the
quency modulation, polarization modulation, switching, useful features of integrated optical devices.
beam deflection and steering, etc. References 4, 7,
and 8 provide a good review and sufficient examples of RBFgRUNCES

various integrated optical devices, their principles
and operation. Figure 1 illustrates three typical (1) See for example a series of five papers by:
examples of integrated optical devices: (a) phase K. Nassau, H. Leviostein, and G. Loiacono (1,ll);

modulator, (b) directional coupler switch, and (c) S. Abrahams, J. Reddy, and J. Bernstein (Ill);
Mach-Zehnder interferometer. Electrooptic interaction S. Abrahams, W. Hamilton, and J. Reddy (IV);

in these devices is achieved by delineating electrodes S. Abrahams, H. Levinstein, and J. Reddy (V);
on the waveguide circuit through which the electric J. Chem. Phys. Solids 27, pp. 9b3-1026 (1986).
field CE) overlaping the waveguide induces a chan'e in (2) See for example: I. P. Kaminow and E. H.
the effective index of the guided mode (Sn) and there- Turner, Proc. IEEE 54, pp. 1374 (1966), and
fore its wavevector (AS). Figure la shows a phase references therein.

modulator with two sets of electrodes illustrating a (3) R. Weis and T. Gaylord, Appl. Phys. A 37, pp.
method of realizing phase modulation to the two 191, 1985, and references therein.
orthogonal polarizations in the waveguide. Figure lh (4) For a good review, see for example: "Integrated

shows a directional coupler switch with two sets of Optical Circuits and Components", Edited by L.

reversed polarity electrodes. In the passive mode, Hutcheson, Marcel Dekker, 1987.
optical power is coupled back and forth between the (5) J. Jackyl, C. Rice, and J. Vaselka, Appl. Phys.
two identical single-mode waveguides at an interval Lett. 4I, pp. 607 (1982).
known as the coupling length. By applying voltage, (6) P. Suchoski, T. Findakly, and F. Leonberger, Opt.
the wavevectors in the waveguides are changed with Lett. 13, pp. 172 (19H).
respect to each other thus modifying the coupling (7) R. Alferness, IEEE, Trans. on Microwave Theory
properties. Switching th' optical power to each of and Tech. MTT-30, pp. 1121 (1982).
the two outputs or modulating the output intensity is (a) PHASE MODULATOR
achieved by applying proper dc bias and modulating
voltage across the electrodes. Figure Ic shows an
interferometric device known as the Mach-Zehnder
interferometer. The single-mode waveguide circuit

consists of an input branch which splits into two and
then combine at the output. Electrodes are placed

along the two waveguides within the interferring
region to provide means of modulating the phase in
each arm. Through the electrooptic effect, the phase
difference (or path length) between the two branches
is changed which results in an intensity modulation at (b) DIRECTIONAL COUPLER SWITCH/MODULATOR
the output branch. When the two field components
arrive at the output junction in phase, they add up
setting a maximum intensity. When they arrive 10

°

out of phase, they cancel, thus setting a minimum.

Therefore, the output intensity can he modulated
between maximum and minimum by modulating the phase
difference between the two branches. The examples
given in Figure I represent a class of devices

characterized by lumped circuit electrodes. The speed
of such devices is limited by the electrical transit (c) MACH-ZEHNnrR INTERFEROMETER
time which is determined by the electrode capacitance
and the terminating resistance. Typically, the

capacitance in such devices is on the order of a few
picofarads, which permit operation up to a few GHz for
50 I systems. The speed of such devices can be
increased by operating the electrodes as RF

transmission lines in which the microwave and optical
waves travel at comparable speeds. Thus removing the
limitation of electronic transit time. Bandwidths of
up to 18 GHz have been realized by the use ef such Figure 1. Typical examples of LINbO3 Integrated
travelling wave electrode designs, optical devices.



Abstract No. 620

ALTERNATIVE MATERIALS AND PROCESSES FOR INTEGRATED is extremely high for infra-red wavelengths, with a
OPTICS sharp transition between the optical and infra-red

regions at 1.1 microns (Pig. 2). This suggests that
M.N. Kozicki, Y. Khawaja, J.L. Edwacds, P. Ourashi, they would be good guide/diffraction grating materials

G. Bernstei:, and A.E. Owen* at these wavelengths. The unphotodoped materials have
a refractive index, as measured by ellipsometer, of

Center for Solid State Electronics Research approximately 2.8 whereas the photodoped materials
Arizona State University have a refractive index in the region of 3.0.
Tempe, AZ 85287-6206

The above properties will allow the formation of three
Introduction types of structure in these materials; (1) a "3-

dimensional" rectangular cross-section guide produced
The goal of much of the current research in integrated by exposure and subsequent etching to remove the
optics is to fully integrate optical processing unphotodoped material, (2) a planar wa~eguide
elements into monolithic systems. One of the main structure in which exposure is not followed by etching
problems with this concept is the difficulty in and the difference in refractive index between the
fabricating vertical walled rectangular optical photodoped and unphotodoped materials is used ,o guide
waveguides and other elements such as small geometry single mode transmissions, (3) small geometry
diffraction gratings. It is true that the fabrication "diffraction grating" type structures on the surface
technology used for the production of integrated of a substrate. A logical extension of the
circuits is mature, but this technology may not always diffraction grating concept is to create lateral
be totally applicable to the fabrication of optical surface superlattice (LSSL) structures in the arsenic
structures. Much of the problem lies with the sulfide by electron-beam induced doping. These
materials themselves. A considerable amount of work structures form the basis of tunable bandgap elements.
is being performed with gallium arsenide (GaAs) Although As-S is an amorphous chalcogenide
substrates due to the desirable optical properties of semiconductor, we may still fabricate vuperlattices in
this material. However, GaAs is a difficult material this material if the dimensions are of the order of an

to process. For instance, the frmation of deep electron wavelength, e.g. 20 nm.
(typically >1 micron) vertical trenches in GaAs to
produce waveguides in close proximity is possible, but To date we have uti'ized As33S

6 7 
evaporation and

it is not a trivial task. There is consequently a
driving force for the developmenL of alternative sputtering sources to form thin films on silicon

materials and processes for integrated cptics. This substrates for characterization purposes. Optical

paper describes the initial results of a program lithography has been performed using a Kari-Suss MJ8-3

concerning the potential uses of As-S systems in contact aligner with 310 nm optics and a TRE 700 wafer

integrated optics. stepper to produce waveguide structures with a mi.,imum
width of 0.75 microns. In addition, ultra-high

The As-S/Ag System resolution electron-beam lithography using a converted
ISI 1008 SEM controlled by a computer sca-uing system

There has beer. a great deal of interest in As-S/Ag has produced gratings with 35 nm lines and 35 nm

systens [1) in recent times as they show considerable spaces in these materials.

promise as dry deposit/dry develop resist materials.

They have a number of desirable properties which make 1. A.E. Owen, AP. Firth and P.J.S. Ewen, Fhil. Mag.
them attractive for this application, properties which 8, 52, 4-6 (1981).

also make them attractive for integrated optics. (a) B, 52, 347-362 (1985).

The materials may readily be deposited by vacuum
coating techniques, e.g. evaporation or sputtering, to This work was supported in part by the National
produce thin uniform layers. (b) A layer of silver is Science Foundation.

nie- or post-deposited and this acts as a
"photodopant", i.e. it diffuses into the As-S on Visting Professor, University of Edinburgh.
exposure by light or electron-beam. In the As-S/Ag

system, the diffusion of the silver essentially only
takes place where the illumination occurs and hence
there is a very sharp transition from photodoped to
unphotodoped material and the doped region has a near
vertical "sidewall". (c) The system may be
compositionally optimized to attain the highest

possible resolution. Previous work tended to use
As

2
S
3  

because of its commercial availability.

Mowever, As
2
S
3  

will produce a phase seperated

photodoped materil which appears grainy and hence is
not suitable for ultra-high resolution pattern
definition. The optimum chalcogenide composition is

actually As
3 3
S
6 7. When photodoped with silver, the

ternary compound formed is extremely homogeneous and
hence can be utilized in high resolution applicatiorv.
A phase diagram of the system is shown in Fig. 1. (d)

The resulting photodopud compound is resistant to
etching in a wide range of chemicals, including
aqueous alkalai, and also will not be significantly

attacked by a CF
4 

plasma. This is in contrast to the

inphotodoped chalcogenides which will etch rapidly

tinder these cirvumstances. Therefore, producing an
image in these materials is relatively simple. In

addition to these propertics, spectrophotometer

measutrments on thin films show that the reflectivity
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Abstract No. 621

Compound Semiconductor Electro-optical We will discuss various electro-optical effects: Pockels (linear
Materials and Devices electro-optical) effect, Kerr (quadratic) effect, carrier effect

and Franz-Keldysh effect in bulk and quantum well materials
Yung Jui (Ra ) Chen and their applications to electro-optical device structures.

Department of Electr cal Engineering
University of Maryland Special attention will be given to the enhanced electro-
Baltimore, MD 21228 refractive and electro-absorptive effects in quantum wells.

With recent improvements in epitaxial and processing
technologies and substrate qualities, GaAs electro-optical REFERENCES

modulators with bandwidth in excess of 20 GHz have been 1. S. Y. Wang, S. H. Lin and Y. M. Houng, AppL Phys. Lett.
demonstrated.t The travelling waveguide device, based on
bulk electro-optical effects, exhibited performance
comparable to state of the art lithium niobate devices and 2. D. A. B. Miller, J. S. Weiner, and D. S. Chemla, IEEEJ.
offered potential for monolithic integration of passive and Quantum Electron. QE-22, 1816 (1986).
active opto-electronic devices. It is expected that compound
semiconductor electro-optical devices, based on advanced 3. T. H. Wood, Appl. Phys. Lett. 48, 1413 (1986).
microelectronic technologies, will play an increasingly
important role in electro-optical applications. 4. J. E. Zucker, T. L Hendrickson and C. A. Burrus,

Electron. Lett. 24, 112 (1988).
The compound semiconductor materials offer another
unique feature - bandgap engineering.

2  Quantum well 5. Y. J. Cher, E. S. Koteles, B. S. Elman and C. A.
structures exhibit greatly enhanced electro-absorptive and Armiento, Phys. Rev. B36, 4562 (1987).
electro-refractive effects resulting from the two dimensional
excitonic resonances. For electro-absorptive effect, a change 6. M. N. Islam, R. L. Hillman, D. A. B. Miller, and D. S.

of absorption coefficient as large as Ae = 15,000 cm"t has Chemla, AppL Phys. Lett. 50, 1098 (1987).

been observed in a GaAs/AIGaAs system near excitonic
resonance.

3 Similarly for electro-refractive effect, the large Phys. Lett. 50, 1518 (19871.

change of refractive index An and its quadratic dependence

on applied field in a quantum well material also lead to
superior performance to bulk semiconductors. It was shown
that, by detuning from excitonic resonance, a ten times
improvement in phase modulation coefficient over the bulk
device can be achieved without severe propagation
(absorption) loss penalty.4 Attempts to enhance the electro-
optical effect in quantum wells, in particular to increase the
exciton energy shift for a given applied field, have involved
more complex structures. Notably in a coupled quantum well
structure, the field-induced shifts of the coupled excitonic
states can be as much as five times that of the single quantum
well case.

5 7
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Abstract No. 622

EXPERIMENTAL STUDY OF THE ROLE OF
COLOR CENTERS ON SILICA FIBER PREPARATION

FOR SECOND HARMONIC GENERATION (SHC)

James R. Rotge'

Mohamed F. El-Hewle

Frank J. Seller Research Laboratory (AFSC)

United States Air Force Academy
Colorado Springs, CO 80840-6528

It has long been known that fibers are susceptible
to color center formation by energetic photons or
particle radiation. It has more recently been
proposed that color (defect) centers may play a
crucial role in the spontaneous generation of second
har.onIc light in glassy fibers.

1  
This paper esplores

whether color centers, formed in fiber samples by
neutron or gamma radiation, change the preparation
charaeeristics (either time to prepare or maximum
conversion efficiency).

Osterberg and Margulis
2 

first observed efficient
SRC in phosphorus and/or Germanium doped silica
fibers. This process involves passing intense light
(1064 om) fro. a mode locked, Q-switcbed Nd:YAC laser
thru a short (nominally one half meter) fiber
section. During an exposure time of several hours,
the fiber begins to radiate second harmonic light (5)2
nm). The conversion efficiency saturates after a
growth period of several more hours; the highest
efficiency reported to date being about 10%.

3  
The

structure of the silica fiber, being centrosymnetric,
should not support such high conversion efficiencies.
To oxplaln this SHC as a second order nonlinear
process, one must postulate a mechanism for breaking
the Inversion symmetry of the glass structure, and
simultaneously satisfy the phase matching conditions
necessary for efficient conversion to occur. One
model proposed suggests that color centers are formed
in the fiber and subsequently aligned along the fiber,
resulting in an alternating DC polarization which
automatically satisfies the required phase matching
condition.

This study will consider cutting several sections
of fiber from the same spool and expusing some of
these samples to various dosages of radiation from a
gamma ray source, and others to a source of neutrons.
These samples will then he exposed to light from the
Nd:YAG laser and their response to the SHC preparation
process will be compared to fiber (control) samples
not subjected to radiation.

Electron spin resonance (ESR) studies will also be
conducted on these and other fiber samples to
determine whether photochemical processes occur during
the preparation process. The FSR signature of such
changes add new information concerning the preparation
phenomenon and the question of who the effect is
apparently permanent; a question not addressed by the
above mentioned model.

REFERENCES:

I. R.5. . tolen and ,I.W.. Tom, Optics Letters, 12
(5A5-587) 1997.

2. T'. Osterherg and W. argulls, nptics letters, 12
(97-5q) ;qS7.

3. Optlrial Fiber Croup, lIniverlty of Southhanpton
(to he published).
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Abstract No. 623

Optical Pulse Propagation for a
Nonlinear Dielectric Film

Spiros V. Branis and Joseph L. Birman
Physics Department

City College of New York
Convent Ave. and 138 St.

New York, NY 10031

We present an analytical and numerical
discussion of pulse propagation and reflec-
tion for a dielectric slab of arbitrary
thickness, with index of refraction that
contains a term proportional to the intensity
of the electric field in the slab. Initial
study is based on Mill's paper: (Phys. Rev.
B35, 324 (1987)]. Additional extensions will
be considered. Bistability and multi-
bistability regions are investigated for
transmissivity as a function of incident
power.
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Abstract No. 624

Induced-frequency Shift, Induced-spectral spectral distribution of probe pulses can be

Broadening, and Optical Amplification of significantly affected by the XPM generated

Picosecond Pulses by Cross-phase Modulation by a copropagating pulse. Thus, XPM appears
in a Singlemode Optical Fiber as a new tool to control optically the spec-

tral properties of ultrafast optical pulses.

P. L. Baldeck and R. R. Alfano Repetition rates of such frequency modulation
schemes could be in the THz range since the

IUSL/PAL, E. E. Department nonlinearity is based on the fast time re-
The City College of Naw York sponse of electronic origin.

New York, NY 10031
This work is partially supported by

Cross-phase modulation (XPM) is a newly- Hamamatsu Photonics K.K.
identified nonlinear optical mechanism with
important applications based on the pjcssec- References
ond and femtosecond pulse technology. XPM 1. J. Manassah, M. Mustafa, R. R. Alfano and
is similar to the well-known self-phase modu- P. Ho, Phys. Lett. 113A, 242-247 (1985).
lation (SPM), however, it corresponds to the 2. R. R. Alfano, Q. Li, T. Jimbo, J. Manassah
phase modulation caused by the nonlinear re- and P. P. Ho, Opt. Lett. i1, 626-628
fractive index induced by another copropagat- (1986).
ing pulse. The time-dependent cross-phase 3. P. L. Baldeck, R. R. Alfano and Govind P.
modulation leads to spectral changes. In Agrawal, Appl. Phys. Lett. June 198.
this report, we investigated XPM effects
generated by a strong ps pump pulse at 630nm
on a weak copropagating ps probe pulse at

532nm.

A schematic diagram of the experimental 630nr

setup is shown in Fig. 1. A mode-lockedAl
Nd:YAG laser with a second harmonic crystal A- ANIh
was used to produce 25-ps time duration
pulses at 532nm. Pump pulses were obtained
through stimulated Raman scattering by focus- N6W0fn
ing 90% of the 532nm pulse eneigy into a 1 cm
cell filled with ethanol and using a narrow

band filter centered at 630nm. The pump
pulses at 630nm were then recombined with
probe pulses after traveling through a delay OPTIALFIB

path and coupled into a 3m lung singlemude
optical fiber. Spectra of probe pulses were Fig. I Experimental setup
recorded for increasing pump intensities at
different input time delays between pump and
probe pulses.

Typical XPM-induced changes of probe
pulse spectra are displayed in Figs. 2 and 3.
A reference spectrum obtained in the absence
of ((PM interaction (dashed line) is displayed

in Fig. -. A red-shifted spectrum resulting
from the XPM interaction when the pump pulse
entered the fiber about lOOps after the probe
pulse (solid line) is shown in Fig. 4. The It
induced-frequency shift originates from the O

combined 9 ffects of XPM and group-velocity
mismatch. Due to the initial time delay, _

the probe pulse sees only the leading edge of U)

the XPM which leads to a red-shift as in the z

SPM theory. An example of a probe pulse spec-

trum obtained when both pulses entered the z
fiber siriultaneously is shown in Fig. 3. The
spectrum has not only sqifted toward blue
frequencies as expected but also broadens.
An induced-spectral broadening as wide as 10

nm could be obtained which was, surprisingly, 3 54

at least one order of magnitjde larger than 522 532 542

predicted by the XPM theory. WAVELENGTH (nm)

The optical amplification of the probe Fig. 2 Cross-phnse modulation (XPM) effects
pulse is another ur.expected feature arising on the spectrum of a probe picosec-
from the XPM interaction. Fig. 4 shows the ond pulse. Dashed line: reference
dependence of the XPM-induced gain with the spectrum without XPM. Solid line:
input time delay between probe and pump with XPM and a 100 ps time delay be-
pulses. The physical origin of the gain is tween pulses at the optical fiber
still under investigation. It could origin- input,
ate from a non-phase matched four-wave mixing
process.

In conclusion, we have shown that the



z

z

522 532 542
WAVELENGTH (nm)

Fig. j Same as Fig. 2 but with no time
delay between pulses at the
optical fiber input.

4 4 

++

-100 0 G00

TIME (ps)

Fig. 4 XPM-induced optical gain (I3'

b5jn)versus input time e ay
be ~eeA ump and probe pulses.
Dots: experimental data. Solid
line is the fitting obtained by
taking the convolution of the
Pump and Probe pulses.
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The Utilization of UV and IR Supercontinua in

Gas-Phase Subpicosecond Kinetic Spectroscopy

J.H. Glownia, J.A. Misewich, and P.P. Sorokin

IBM Research Division

Thomas J. Watson Research Center
Yorktown Heights, New York, 10598

This talk describes development and characterization of a new

apparatus capable of simultaneously generating both intense

subpicosecond UV (308, 248.5 nm) excitation pulses and

subpicosecond continua for probing photoexcited molecules via

broadband absorption spectroscopy. Both UV (230-450 nm) and IR

(2.2-2.7 Am) continua have thus far been produced. A method of

upconverting the latter to the visible for ease of detection has been

demonstrated. Also presented in this talk is an account of several ex-

periments performed using this equipment. The subpicosecond UV

continuum is used to study photolysis of thallium alide vapors at 248

nm and 308 nm, and also photolysis of chlorine dioxide vapor at 308

Sm. From the unusual absorption line shapes observed in the former

experiment during roughly the first picosecond of time following the

application of the -160 fsec UV photolysis pulse. one can deduce

important information regarding the dependence of the separation of

the electronic energy levels on the TI-halide atomic spacing For

OCIO, absorption measurements made with the use of the

subpicosecond UV continuum show that the primary photochemical

act is production of Cl + 0 2 . not CIO + 0. as has been assumed for

decades. We have also utilized the subpicosccond IR continuum to

measure the B - A internal conversion rate in

1.4-diazabicyclio2.
2
.2loctanc (DABCO) vapor.
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Abstract No. 626

In contrast to our observations, previous attempts at intracavity
A New Class of Ultraviolet Femtosecond Sources frequency doubling of actively-and synchronously mode-locked

lasers4 resulted in mode-locking instability, pulse broadening, and
bandwidth limitation, even though these lasers operated in the

M.C. Downer, G. Focht, T.R. Zhang picosecond, rather than the femtosecond, time domain. Passively
Physics Department mode-locked lasers, on the other hand, possess a built-in

University of Texas at Austin stabilization mechanism against the deleterious effects of intracavity
Austin, Texas 78712 frequency doubling, as shown in Fig. 3a. Temporal broadening

occurs in the doubling crystal because power dependent loss
selectively attenuates the peak of the pulse. Passage through a

Since their advent in the early 1980's, femtosecond source lasers saturable absorber, on the other hand, selectively attenuates and
have been available only in the red and near infrared part of the therefore sharpens the leading edge of the pulse. Analogously gain
spectrum. Blue and ultraviolet femtosecond pulses could be saturation sharpens the trailing edge. Adjustment of absorber and
generated only through an expensive and cumbersome gain saturation levels can therefore precisely compensate the pulse
amplification of visible pulses, followed by nonlinear optical broadening caused by the doubling crystal.
frequency conversion. We have developed an efficient, high
repetition rate source of synchronized ultraviolet and red We have quantified these general concepts by modifying Haus'
femtosecond pulses by intracavity frequency doubling of a theory of the passively mode-locked laser to include an intracavity
colliding-pulse ring laser.1 This simple, inexpensive, and frequency doubler.5 Figure 3a and Fig. 4 graphically illustrate the
non-perturbative technique can be easily retrofitted to any passively major results of this analysis. Figure 3a represents the stable
mode-locked laser. This new ultraviolet source is useful in operating regime as a function of saturable loss (q), saturable gain
photoexcitation of molecular absorption bands, photoionization, (g(i)), and second harmonic conversion efficiency (y). Stable
photoemission, and applications requiring tight focussing, such as operation can always be recovered by adjusting gain or loss (i.e.
electro-optic sampling of high-speed integrated circuits, adjusting pump power or intracavity focus in saturable absorber).

Figure 4 shows the variation of (a) duration and (b) energy of the
Figure 1 shows the additional intracavity subresonator which we fundamental pulses as second harmonic conversion efficiency is
constructed to focus the intracavity pulse train on a thin KDP or varied. The points A,B,C denote examples of conditions yielding
Lil0 3 crystal cut for Type I phase matching at Brewster angle equal pulse durations and energies at widely different values of 7.
incidence. The linear dispersion of the crystal was compensated by showing that pulse duration and energy can also be preserved by
re-adjustment of an intracavity prism configuration. 2 The adjustment of gain and loss parameters.
ultraviolet beam of milliwatt average powe-, 100 MHz repetition
rate was extracted through a dichroic mirror as shown. Red pulse
durations of 50-70 fsec were preserved, with no evidence of
bandwidth limitation, as shown in Figs. 2a and b. The ultraviolet
bandwidth shown in Fig. 2c is sufficient for a transform limited
pulse duration of 40 fsec, although group velocity walk-off effects
typically broaden them to between 100 and 150 fsec. This 1. Glenn Focht and M.C. Downer, IEEE J. Quant. El. 24, 431
bandwidth overlaps the gain curve of a XeCI amplifier,

3 suggesting (1988).
that direct injection into an excimer amplifier is possible provided
ASE can be adequately suppressed. 2. R.L. Fork, .E. Martinez, and JP. Gordon, Opt. Lett. 9. 150(1984).

3. J.H. Glownia, G. Arjavalingam, P.P. Sorokin, and J.E.
Rothenberg, Opt. Lett. 11, 79 (1986).R = tO cm,.__

L i : ?Ei' i4. M. Yamashita, W. Sibbett D. Welford, and D.J. Bradley, J.. Appl. Phys. 51, 3559 (1980); M. Yamashita, K. Yamada, and

620nm INTRACAVITY T. Sato, IEEE J. Quant. El.18, 95 (1982); J. Falk, IEEE J.
PULSE TRAIN Quant. El. 11, 21 (1975).

5. T.R. Zhang, Glenn Focht, P.E. Williams and M.C. Downer,
IEEE J. Quant. El., to be published; H.A. Haus, IEEE J.

UVFEMTOSECOND BREWSTERANGLE Quast. El. 736 (19751.
PULSE OUTPUT KDP CRYSTAL

, . This work was supported by the Joint Services Electronics
DICHROIC Program (Contract F49620-86-C-0045) and by the Robert
MIRROR A. Welch Foundation. M.C. Downer also acknowledges

support from an IBM Faculty Development Award and ,n

NSF Presidential Young Investigator Award.

Fig. 1. Schematic of the subresonator for intracavity
frequency doubling in a colliding pulse mode-locked
dye laser, showing the bidirectional red pulse train,
Brewster angle cut KDP crystal, and the dichroic
output coupling mirror.
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Fig. 2. (a) Autocorrelation traces and (b) spectral intensity Fig. 4. Graphical representations of (a) intracavity pulse

profiles of the fundamental red pulses without the duration and (b) pulse energy at 3 different values of

intracavity doubling crystal (dashed curves) and with second harmonic conversion efficiency y. The

the intracavity doubling crystal tuned for maximum points A,B, and C illustrate the simultaneous

output power (solid curves). (c) spectral intensity preservation of pulse duration and energy as y is

profile of the generated ultraviolet pulse. increased, and correspond to the equivalently

labelled points in Fig. 3b.
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Fig. 3. (a) Changes in intracavity pulse envelope upon
passage through major components of a passively
mode-locked laser with intracavity frequency
doubler. (b) Graphical representation of the stable

mode-locking regime as a function of saturable loss
q, saturable gain g(i), and the dimensionless second

harmonic generation parameter y.
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Control Of SOlitons in a femntosecond dye laser 4. C.E. Martinez. R.L. Fork and J.P. Gordon. .1. OpIt. S,,,

ll. L. .\ighan Jr. and P.M. Fauchet A .2 .3(q5

Princeton Laboratory for lt rafast Spectroscopy
Department of Electrical Engineering
Princeton University, Princeton NJ 08-544

WVe have built a 7 mirror/4 prism colliding pulse
modelocked (CPM) dye laser fl] that delivers 3.5 fs puises at
100 \11z. Recent experiments 12.31 have confirmed the
soliton-like (henceforth called soliton) behavior of this laser
that had been predicted hy Martinez et aL.114. In this
presentation, we dliscuss the properties the solitons generated
lby our CPM laser and show that accurate control is possib~le.

Starting from the optimized laser configuration. we findl
that by adjusting group velocity dispersion (G\D) and self-
phase modulation (SPM) inside the cavity, we are able to
control the order. period and dluration of thie solitons. Nega-
tive- GV) is controlled by translating one prism with -i I
micron resolution and SPM is controlled by varying thy
saturahle absorher jet thickness or the intracavitv intensity
in that jet. Both the spectrum and the intensity autocorrela-
tin are time-resolved at different points in the periodic evo-

utilon of the solitist. 
200JFigure t shows a single trace real time autocorrelatin e

scatn and autoeorrelation traces sampled at different points itt
the period of N=2 soliton. for a given set of' cavity' parante-
ter,. The soliton perioil is 2.5 1,s and the modulation of the
etnergy oiutput of the ('I laser is -10 ~.When spectrall '
resolved, the modulatioin is deetper. appriiaching 1100 * at cec-
taimi wavelengths. Fine tuning of the perioid hetweeni 2.5 atid
i.5, ,s is castU ovibtalised tiirough CYD adjulst nirnts; co acsor
tuintg is achtievedl ly SPM ndjiistntents. \%e( have obtained
soliton diurat ions be tween < .50 fs andl > 5M( f's. Lotnger
periods anil durations are achieved for morec negative GVI):
features shorter thlin .50 fs itt the intensity atitocorrelation are
achieved for less niegative GVO. It this configutration, the
laser out put retnalits stable for houttrs anit any specific pit

1
.

s-Il,p, v.0, L, spi ,,udte fromn day to day. Atnotherc regi tue
of periodic pulsesliaping ha~s also been observed with clia-
teristie periodis inth le 1(10 /15 ratige. rfhis regimne is aliso con-
trolliahle bitt is inuich mitre suscept ibIle to tiert uirhatiotis. S ince
the periiid coirresponds to a tuchl larger ttuimber oif cooumii-
trips, swe suiggest that the effect of a givenl pertutrbiation is
larger attd lthits decreases the st alilitIY. Ouir reslts will lhe
contpared to thle tmodels ror solitlin fotrmatiotn ii t hi' ('P%
laser.

lit conci itnt. we hats- demsonstrated conItronl If solittot
plilsesllatting in a flentosl'cold CRM dye laser. 'lit" pritnciples
art, getneratl andl could be atpplied to other short pulse lasers in
di ffervni I avell'tigtli rcgin15. This reseachl was supported by
NSV l'u11ii pment grant E( '5.891153 I, NSF grant l( '5-8657263
thlrugh cteo Presidential Young Investigattor prograttt andi Top Figure
AflO vlittrulct I)A-t,03-87-K-(lI+5. Singil reald hu "ll ali, Iorrdl 101)t trail' (I ,-92ti f,) fr

N=2 solitot in node of th li. 'IM laser. Thll' -61itioli111 l
II cfrn-s, plllnlauc is evident.i

..\.. 'sabd intis, aidl Ill,. "irk, IEEEL 1. Qtautini B hottom Figure
Flc rori.QE-22. 11t2 (1086) Ailto1'irrelatioll traces smtiplell at 0.25 li iltrs II' iii
2. F. Sal. 1'. (irangier, G1. Roger and] A, Birun, PhYs. lRev. the' 2.5 ps pe~riodi lf N=2 s-oio
ILctt.58, 11:32 (19M)1: tIndent 60, 569 (t1988)
:3. F.W. W'ist'. ILA. \altttslev and (.1.. T'ang. Optics 1.11.13.
129 119SX1
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Effects of detuning on mode-locked pulse multiplying 360f, on the delay times. Where I

trains of an argon ion laser is the modulation frequency.

Figs 4(a) and (b) show sampling

Tadashi Kitahara oscilloscope traces using a photodiode with

R&D Division, Hamamatsu Photonics K.t., 1126- the same condition as Figs 3(a) and (b)

1. Ichino-cho. Hamamatsu City, 435 Japan respectively. Averaged output power were

measured using a Coherent 210 power meter.

Experimental investigation about effects The results of the phase shift, the

of laser cavity detuning on A mode-locked pulse width and the averaged power as a

argon ion laser pulse train is described. It function of cavity detuning length and the

is shown that a stable mode-locked pulse tube current are shown in Figs 5 and 6

train is obtained always when detuning length respectively. A starting point of the

is minus and has a deep minus phase shift. holizontal axis in Fig. 5 is settled as the

Qualitative explanation is given, length where a stable mode-locked pulse train

A composite acousto-optic mode-locking was obtained for the first time when the

device (MD) (Fig. 1) was used. The mirror is laser cavity was decreased gradually. When

flat and is located 1mm away from the acousto the cavity length detuning length was minus,

-optic modulating region. The cavity length stable pulse train was obtained always. When

was 1.15m. The modulation frequency was the cavity detuning length were plus, the

130.OOOOMHz and was kept constant in any pulse trains were unstable always.

cases. Because all the Inclinations coincident

The experimental setup is depicted in in the unstable regions of Figs 5 and 6. it

Fig. 2. A He-Ne laser was used to know is coJectured that the unstability in the

temporal change of acoustic intensity in the plus detuning region is due to static loss.

MD. Weak mode-locked 514.5nm laser light The reason the mode-locked pulse train is

leaked from the high reflector mirror of the stable and has relatively deep minus phase

MD. The weak light and the modulated He-Ne shift in the minus detuning region may be

laser light were measured with optical explained as follows. Mode separation

oscilloscope Hamamatsu OOS-I temporally, increases and exceeds modulation frequency as

Figs 3(a) and (b) show examples of cavity mirror separation decreases. So that

optical oscilloscope traces. Sine wave like strong modulation is necessary to decrease

curves correspond to the modulated He-Ne the mode separation until the modulation

laser light and sharp peaks correspond to frequency. The strong modulation Is done by

mode-locked pulses. Delay times of the mode- increasing degree of the phase shift as is

locked pulse trains comparing to a minimum shown in Fig, 5. The necessity makes the

points of the modulation were obtained from pulse train stable.

these traces. Phase shifts were obtained by
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Fig. 2. Experimental setup. MD, mode-locking

device; 005. Optical Oscilloscope: AP.

aperture; ND. neutral density filter. DM,.
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dlchroic mirror; PD, photodiode. LENTH0.. ,,.
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Fig. 3. Examples of otical oscilloscope S"PU
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respectively. Horizontal axis is Ins/djv. TUBL CURRENT (Al

Fig. 6. Gain effects on the phase shift, the

pulse width and the averaged Power. The

cavity detuning length is D.D0mm.
(a) (b)

Fig. 4. (a) and (b) Examples of sampling

osciIloscope traces corresponding to Fig. 3.

a) and (b) respectively. Horizontal ayis is
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Abstract No. 629

Temporal reshaping of ultrashort laser pulses
reflected by GaAs25re

1.1, Campbell, S.K Kirby and P.M. Fauchet

Princeton Laboratory for Ultrafast Spectroscopy 50meV
Department of Electrical Engineering
Princeton University, Princeton NJ 0854.

Contrary to a commonly-accepted opinion, short laser
pulses can undergo deantatic temporal reshaping upon '00t
reflection at an interface exhibiting linear optical properties. 

For a fixed angle near Brewster's angle. the pha;e and magni-
tude of the Fresnel coefficients change rapidly with the dielec-
tric function. If a short laser pulse is incident close to Incident t00 fs-long pulse (dashed line) and reflected pulss-

Brewster's angle, its various frequency cotiponents are shapes for three dc tnings. The vertical axis is the normalized
reflected differently and the reflected putse is strongly intensity and the horizontai axis is a 310 fs-loig tino in-

reshaped. We investigate this reshaping as a function of the dow.

angle of incidence, the material's properties and the incidetit
pulse's charact eristics.

The dielectric function of iaA., at low tenterature in
the exciton region is the starting point of our numerical cal-
c lations. We use the Lorentz model, with a resonant fre-

piency of 1.51.1 e' and a linewidth of 0.27 me\ [1. The
input pulse is a sech

2
, typical of well-modelocked feuttoseond

las1ers generating transform-limited pulses. We d-fit-
Brewster's angle as arctan{n(0)} where w is the carrier fre-
quency. We find wide regions in paramet ,r space that lead t,
strong reshaping; however, reshaping is only observable very
close to Brewster's angle (typically a fraction of a degree).
Figure 1 illustrates the effect of the detuning between the car-
rier frequency and the exeiton resonant frequency. The
dramatic reshaping and lengthening observed at smaller
detunings are the result of 1) the proximity of two , phas,

shifts of the reflectivity, one due to the Lorentz resonance, thi
other due to Brewster's angle, and 2) abrupt changes in the
magnitude of the reflectivity, within the incident pulse spec-
trum. The latter effect is equivalent to passing the incident
pulse through a narrow bandpass filter.

Our results suggest a novel type of experiment designed
to measure the properties of the reflector, such a-s the
linewidth of the resonance. The refleeted pulse would be
eross-eorrelated with part of the incident pulse in a nonlinear
crystal; a fit to the second harmonic signal wouli yieli the
parameter tunder study. Finally, ae note that this reshiaping,
can be viewed as the time analog of the (;e)s-llaenrhin shift.

This research was supported by NSF through th
Presidential Young Investigator program and by ARO.
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Two Micron Focusing of Millijoule Femosecond Pulses AXC On Oyo In
from a Conical Axicon A mplifier eI ,

W.M. Wood, Glenn Focht and M.C. DownerPhysics Department 
Pump

University of Texas at Austin 4
Austin, TX 78712

The amplification of femtosecond pulses to millijoule and higher
energies has opened up the study of the interaction of matter with
radiation fields of unprecedented intensity I]. While excimer and
solid state amplifiers have achieved the highest pulse energies to Fig. 1--Final stage geometry for the femtosecond
date, high power dye amplifiers can produce comparable peak axicon dye cell amplifier.
intensities if the output can be tghtly focused. However, the output
of most high power dye amplifier systems has suffered from poor
transverse beam quality accompanied by limited focusability caused
by severe phase front distortion during the amplification process.
We have constructed a high power Nd:YAG pumped dye amplifier
system with a final stage conical axicon gain) cell 123 which
overcomes this drawback of earlier systems and achieves near
diffraction limited focusing of millijoule pulses of 100 fs. duration.&
The peak intensity at the focus is more than 1016 W/cm

2
, and -- Jm

breakdown of air at atmospheric pressure is easily observed.

Earlier high power dye amplifier systems for femtosecond pulses Z
have utilized a variety of pumping geometries in attempts to
maximize shor pulse gain, while maintaining a large output beam
diameter (- 1 cm.) to avoid nonlinear optical effects [31. These 3 .i
simultaneous needs for high gain and large beam diameter have
made the preservation of favorable transverse beam quality
especially difficult. For example, some early systems maximized PI iOLE POSITION
gain near t : output of the final stage cell by using collinear,
counter-propagatin pump and signal p"Ises at the expense of poor Fig. 2--a) Beam waist profile of on-
trans% rse beam quality and focusability [31. Later systems have amplified CPM output at focus of a 20x
improved bean, quality to some extent b) using transversely microscope objecti've b)Same measure-
pumped prismatic cells [4), while sacrificing the desirable features ment after pre-amplification to 0.1 mJ.
of maximizing gain at the center of the pulse profile and at the prior to axicon gain cell; and c) after amp-
output of the gain cell. More recently, by contrast, Kuhnle et., lification to 0.6 mJ. in axicon cell.
[2] have meas'.ird that small diameter (-2.5 mm.) nanosecond
pulses can be ttmplified with high gain and excellent transverse radius of 1.5 microns. Fig. 2b shows a similar measurement
beam quality using conical axicon gain cells of small dimersions following pre-amplification of the pulses to 0.1 ml. in the first
(gain region - 2 cm. long), three amplifier stages. Note that the spot radius has now degraded

slightly to approximately 2.2 microns. Fig. 2c shows a third
We have scaled the beam diameter and axicon cell dimensions to measurement after amplification to 0.6 mJ. in the conical axicon
the four-fold larger size required for amplification offemitoxecond cell. We again find the focal radius to be approximately 2.2
pulses to millijoule energy. Fig. I depicts the final (fourth) stage microns, corresponding to a peak intensity of 3 x 1016 W/cm

2
. In

of our amplifier system. The first three stages (not shown) use order to measL focal radius, the amplifier output was attenuated
standard transversely pumped gain -ells to pre-amplify by several orders of magnitude in order to avoid damaging the
femtosecond pulses from a colliding pulse mode-locked (CPM) pinhole. Intense light emission from air breakdown is easily
laser to approximately 0.1 ml. at a 10 Hz repetitior rate. These observed at the focus, Availability of such a high intensity source
pre-amplified pulses are then expanded to 1 cm. diameter and will greatly benefit studies of new physical processes [1], such as
injected into the axicon cell. The gain region is an 8 cm. long gas breakdown on a femitosecond time scale, and generation of s )ft
cylindrical flow tube containing Rhodamine 640, centered on the X-rays from intensely irradiated solid state plasmas (51. We will
axis of a solid glass cone. Incident to the base of the cone and present measurements of the breakdown thresholds of several
expanded to match its 9 cm. radius, counter-propagating 532 inm. gases as a function of pulse duration in the femtosecond and
pump pulses internally reflect from the sides and enter the picosecond regime.
cylindrical gain medium at radial incidence, thereby maximizing
pump absorption efficiency, gain at the center of the beam, and Current limitatio"' on our focusability aise from the limited
gain at the output of the cell, as prediCted by Schafer 121 Output locusability of tl, source laser output and the use of standard
can be extracted after a single pass or returned through suitable geometry gain cells in the pre-amplification stages. The axicon cell,
polarizing optics and a saturable absorber for a second pass. on the other hand, preserves focusability perfectl.. Further
Typical output energies are 0.5 mJ(pulse with , 5% amplified improvements in the earlier stages may therefore permit still tighter
spontaneous emission (ASE) after one pass and 1.3 mJ.i/pulse with focusing, perhaps to the full diffraction limit.
< 5 % ASE after two passes. We have then compressed the
dispersively broadened output pulse to approximately 100 fsec. t. C. K. Rhodes, Science 229, 1345 (1985)
with a prism pair, without significantly affecting output pulse .. FP. Schafer, Appl. Phys. B 39. 1 (1986): G Kuhnle. G. Marowsky.
energy. G.A. Reider, submitted to Applied Optics; W.M. Wood, G.W, Burdick.

and M.C. Downer, to be presented at Conference on Lasers and
'Ie report for the first time the favorable focussing properties of Elero-Opucs, Anaheim, CA (1988]

high power femtosecond pulses amplified in a conical axicon cell. 3. R.L Fork. C.V. Shank, and R T. Yen, Appl. Phys Leit 41, 223 (1982).
Fig. 2a shows the focussed beam waist profile of our un- 4. D.S. Bethune, Appl. Opt. 20. 1R97 119811.
amplified CPM output after passage through the unpumped 5. O.R. Wood 11. WT Stlfvast. 14 WK. Tom. W.H. Knox. R L. Fork.

amplifier with saturable absorbers removed. This measurement CH BritoCruz. PJ. Maloney. aid C V. Shank. tt nterw Q- El
was made by translating a 3 micron pinhole in one micron steps Con, Technical Digest Serie. vol.21 (Optical Society of Arenca 087t,
across the beam waist after focussing by a 20x microscope p,2; H.W.K. Tom d O.R Wood It. Phys Ret.ci. to be published
objective After deconvoluting the pinhole diameter, we find a spot

'0.
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Dual-Energy Chest Radiography:
Physical Principles and Clinical Potential

Gary T. Barnes, Robert G. Fraser and P. Colleen Sanders

Department of Radiology
University of Alabama Hospitals and Clinics

University of Alabama at Birmingham
Birmingham, Alabama 35233

Presented are the physical pri-ciples of scan projection

digital radiography applied to the chest along with a revew

of the early clinical experience at UAB with a prototype

single energy unit manufactured by Picker International

This experience along with the early dual-energy work at

Stanford University lead us to develop a sandwich x-ray

detector comprised of a low/high atomic number phosphor

coupled to a photodiode array. Our preliminary

experiments with this energy discriminating detector were

successful and Picker employed the idea in their second

generation digital chest unit. An important feature of the

sandwich detector design is that it permits the simultaneous

acquisition of low and high energy patient images. From

this information, separate soft tissue (bone cancelled)

images and bone (soft tissue cancelled) images free of

patient misregistration artifacts can be obtained as well as a

conventional single energy image. Presented are the

principals of dual-energy imaging, details of the sandwich

dctector assembly design, and an overview of our clinical

experience with the Picker second generation unit Studied

were the capability of this prototype dual-energy digital

chest unit to differentiate calcified from non calcified

pulmonary (and potentially malignant) nodules, to detect

pulmronary rodules, to quantitate in vivo the calcium content

if nodules. to detect subtle interstlt al disease, and fina y to

detect metastatic calcium to tiie iung and to manage

patients wth loss of renal function Also 0 scussed are tre

sandwich detector phosphor requirements and des gn

improvements that would result in improved duai-energy

image quality
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The Application of X-Ray Phosphors in tissue materials, also shown in Figure I was used to

Dual Energy Subtraction simulate the human chest in experiments. The bone was

embedded in soft tissue as the rib or spinal cord. A

Jung-Tsuoe Hs, Robert A. Kruger, I cm soft tissue material on top of 6 cm soft tissu-
material was used to simulate a pulmonary vessel. The

Medical Imaging Research Laboratory imaging parameters used in the experiments are listed

Department of Radiology. University of Utah in Table i. Each screen used to combine with the
Lightning Plus screen in the single exposure technique

AC215 School of Medicine, Salt Lake City, Utah 84132 was a single screen that was placed in front of the
front film (WDR, Dupont). According to computer
simulations, the copper filter used in set I should he

Radiographic images can be decomposed into two increased up to 0.78 =o to obtain approximately the

"component images", bone and soft tissue, because there same film density (optical density) as that in set 2

exist two predominant interactions that account for x- A resolution pattern was used to test image resolution

ray attenuation in the diagnostic x-ray energy range- produced by the screen. Summary of the comparisoi.

Compton scattering and photoelectric absorption (1,2). between the two screen pairs is tabulated in Tab i 2.

Decomposition into component images, called dual

energy subtraction, is achieved through linear The speed of the Y202
S 

screen is close to Lliat of

combination of radiographic images recorded using two the LaOGr screen. According to computer simulaions.

differing effective x-ray energies. Dual energy the Y202
S 

screen absorbed half of the energy absorbed

subtraction of bone versus soft tissue contrast is a by 'he LaOBr screen. Image resolution produced by the

promising technique for improving the detection of Y202
S 

screen is the same as that by the LaOBr screen.

lung nodules and other abnormalities on chest radio- however, the Y202
S 

screen produced a better signal-to-
graphs (3). A single exposure radiographic imaging noise ratio The set 1 screen pair offers greater
technique has been developed for making dual energy energy separation than does the set 2 screen pair by
subtraction radiographs in which bone is suppressed about 7 keV. The S/N ratio and energy separation make

(4), The single exposure technique was found to he the set 1 screen pair more favorable for the single

more practical frou a clinical standpoint than the exposure technique than the set 2 screen pair. The

dual exposure technique, using two separate x-ray LaOr screen, therefore, was replaced by the Y202S

exposures at two different x-ray energies, because of screen in the lung nodule study. Imaging performance

its simplicity and immunity to patient motion, parameters, such as image resolution, screen speed, and
signal-to-noise will be presented and the results of

This technique uses two image receptors having the initiol lung nodule study using a Humanoid® chest

differing energy response characteristics in a single phantom will be shown.

assembly as shown in Figure 1. a radiographic caste Te

containing two different film-screen combinations lThe REFERENCES

assembly then is exposed by a single 140 kp X-ro y

exposure, with energy separation occurring it the icI. R.E_ Alvarez and A. Macovski, "Energy-selective

receptors. The energy separation of this techniqut is reconstruction in x-ray computed tomography." Phes

achieved by appropriate choice of x-ray ahorbinr Med. Biol. 21, 733-744 (1976).
screens and of copper filtration between the two inaf 2. D.R. White. "An analysis of the z-dependence of

receptors. Accurate knowledge of screen ph"piP' photon and electron interactions," Phys. Med. Biol. 22,

absorption and filter attenuation characteristics is 219-228 (1977).
essential for choosing optimum screen pairs for tell 3. LUT. Niklason, N.M. Hickey, D.P. Chakraborty, E A

approach. Sabbagh, M.V. Yester, R.G. Fraser, and GUT. Barnes,

"Simulated pulmonary nodules: detection with dual-

This paper reports the evaluation between two sets energy digital versas conventional radiography.

of screen pairs, LaOBr (Quanta II1, DuPont)/, ,t Radinol. 160, 589-593 (1986).

(Lightning Plus, DuPnr) and Y202
S 
(MCI Uptottx)! - 4. J.-T. He. "Dual energy film ubtraction techniq-t

(Lightning Plus, DuPont) The first set of se' for bone contrast suppression in chest radiographv -

pairs was previously reported to be sucessful in huai- S.P.I.E. 914, (1988).

studies (4). The Y2021 screen has a lower K edge tha

the LaOBr screen, this increases the energy separat i,

between the screen pair, and then increases sidual

soft tissue contrast after bone subtracI i, antd

detectahility of lung nodules if they ace p,,s

The purpose of this study is to copare the t'x

screen pairs in terms of screen speed, i -,

resolution, signal-to-noise ratio (S!N), andl et-'iv

separition itt oirder to select a better .;eri-en pAii l,,

ite, sitgle e postire technique. Comput r ,tit 5 ,tt it -

w-re performid in order to est imate ite , i na. to-

noise ratio tnd energy s-pa'atitt of te to.

pairs. The si-ulations accurtely rep itod,.d z

f(teittt.in i of th'.eadtcgttttltt imaghnt.

itti luditq th, ptlyt-i.i- eI -t. c.eactiil.s. ,t x ,

Ipe, r 0,,.i ge d ,-tleyert-etoe ot sol i-i
,

-

o I Ir I - I- IIIg ' ,i I I : , "11 1 1 - -- - - ,--
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Table 1- .egoeg par-e-r usd. .. 

Set 1 let 2

Sc eeo Front Rea Front Rear,
Component TrOts CaCO La/Sr C,/

e.dge, key 17 6 9 5 5 69
Coating weight. ag/em

2  
50 1531 10 112.4

Film POP UR SOP UTOP
Copper thicknes. 'a.7 0,52
X-y energy. k

t
p 140 140

Atiaseattetg9rId 12:1 i2

Table 2. Soecon of the co-trisn mesnar r-e -re-t. tra

Sen I Srr 2

Stee Speed. 22 v, -r C%
rile der..ity .SD. 12 1.5 5

osne 1.0 i .9 10

Iar Peslu ,ot

Signaitt-oisera I

Im:122 ',SIUZ7

Diennece Pie r1.3 2
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CERAMIC SCINTIII.ATORS FOR X-RAY CT USE compositional segregations during manufacturing. And
they are cut without cleavage.

K. Yokota, N. Matsuda* 
and M. Tamatani*

Sintering is usually achieved with the help of a

New MateriaIs Engineering lab., Toshiba Corporation small quantity of sintering agents. The agents
Shinsugita-cho, Isogn-ku, Yokohama, 235 Japan possibly make sintering temperature low, but

sometimes make the luminescence properties poor.
roshiba R8D Center, Kawasaki, 210 Japan Pressure application, such as hot pressing (HP), and

hot-isostatic pressing tHIPi is useful for making

dense ceramics at relatively low temperatures even
rhe X-ray computed tomography (X-CT) evolution, without the agents. In case of the HIP, a sealed

from the Ist to 4th generations, has been achieved by container, which prevents the material from
shortening scan time as well as by imprving spatial decomposition at high temperatures, can be utilized.
resolution (I). These improvements have required an

increased number of detectors per machine with high Transparent phosphor ceramics could be obtained
packing density. The combination of a scintillation for cubic phase materials having isotropic refraction
crystal and a photomultip[ier, applied in the early indices such as Y 0 :Eu and cub-Gd 0 :Eu (to). This
scanners, has been replaced successively by the gas- material system was aready proposed for X-CT

filled xenon detectors and by scintillator-photodiode application by GE (11). Even in non-cubic crystal
solid-state detectors, phase systems translucent ceramics have been known

for Al203 ZnO, etc. lt2i.

The X-ray incident on the solid-state detector is 2 0

absorbed by the scintillator and then converted into The authors found that even translucent ceramics
visible radiation, which propagates up to a photo- are applicable to the CT detectors shown in Fig. 1,
diode attached to the scintillator at the opposite if the diffuse light transmittance is sufficiently
side from the incident X-ray. The photodiode high. The difference in detector output linearity to
converts the visible radiation into electric output, the incident X-ray energy, in case of the translucent

Figure I shows a diagram of the detector, ceramic scintillator, from that in the transparent

single crystal, is small enough for the practical
Two scintillation properties indispensable for X- imaging. It was also found that Gd 0 S:Pr has a high

CT are as follows, i) little afterglow to avoid arti- luminescence efficiency and 1ltile afterglow,
facts and distortions in the final picture; short sufficient for X-CT use, even without the Ce and F
scan times coupled with high spatial resolution additives. The authors have been developing Gdo 0 S:Pr
requ i re frequent sampling of detector outputs at translucent ceramics using the HIP ([3). The pfogphor
intervals of a few milliseconds. ii) High sensitivity powder was cold-pressed, encapsulated and sealed in a

to lower the patient exposure dose and to obtain a metal container made of tantalum. Then, it was
high signal to noise ratio in the total imaging pressed under typical condition of around 1500' C
system; the sensitivity is derived from high X-ray temperature and OO0 atmospheres pressure, with argon
absorption coefficient, high internal luminescence gas as the pressurizing medium. Figure 2 shows a
efficiency under X-ray excitation, effective view of the HIP process. Both the container and
collection of the emitted light by the diode and good phosphor were deformed and contracted by the
spectral matching of the luminescence to the diode pressing. Dense ceramic samples were obtained.

reponse. Average grain size was about 50 micrometers. Density

relative to that calculated from lattice parameters
A CdWO traosparent crystal has been proposed for was more, than 99.9%. High density and decre ase In

the solid state detector (2). It has advantages over pore quantity lead to low light scattering and,
old alkali halide scintillator crystals, such as therefore, high translucence. Figure 3 demonstrates
Nal:TI or Csl:TI, in regard to less afterglow, higher the translucence of the i.45ms thick oxysulfide
X-ray absorption cofficients and less hygroscopicity, ceramics. Diffuse light transmittance of the ceramics
though it has a lower sensitivity compared with the is as high as .15% at Imm thickness. At the same

Xenon-gas detector. There ate possible candidates thickness, the transmittance for the CdVO single
among phosphors wi th higher luminescence efficiencies crystal is about Il0, while it 5s almost zerd for the
than CdWO (3) In fact, a Gd 0 S:PrCeF powder Gd 0.S powder layer with average paiticle size of
pho)sphor As proposed fo rthe X-C & cinti tutor (4). migr Smeters.
However, tight scattering and, hence, Iow light

transmittance ot the powder layer leads to low light Table 1 summarizes the properties for the

collection efficiency in the device s troture as oxysuIfide ceramics and single crystal scintIllatois
shown in F ig. I. Although a modified structure was The X-ray absorption coefficient. ralculated for

proposed, where the emitted light was detected at the 80keV photon, for the Gd
9 OS ceramics is as large as

same side as the incident X-ray, it reduced the merit that lot CdWO and Ilrer than that far C'sI
of high packing density of the solid-state detect(r Relative spectraf matching 'al-t for the ceramics is
array. Single crystal growth was another approach for larger than that for CdWO . Output vales from the
reducing the light scattering. Undoped Gd OjS was detector devices, which wee assembled by ttaching a

attempted to grow by the high piessure meltiingmethod scintiIttor to a S phiitodiide, were measuted ondet
under a sulfiir atmosphere (51. Only small crystals ItilkVp X-ray exloation. The value t(t the ceramic

having sol fur deficiency were obtained, however, qcinti I tltor was 1.7 times greater than hat lot
which did no, meet the deteclsi use requirements. CdWO . Afterglow intensities at 3ms, afte pulsed X

oay exctation tort the .ixysulfide and edfl, were

Transparent ol t anslucent ceramh m may he a e hh lomiescence effiency tot the
solatlion foir the priiblem, as has been shown by three inysolftde is ha Id v at lcted in the 2. ti Si

d lffetent grioops iToshibha (6). (t 7 , I. l hi I fi tempelatUie rangc . On the ithet hand. the VailUen tl
since last year. hecen I progres in i'eramc single ,tystals diereas, severely, as temperatoir
technlogy ciold giv transls.ent houles of materials Incteases I1i Thols. the i. .S: r etamics a:ie
oh-ie sinle -tystals are d ffic l it giow. iJh his so pe ti t the i-aioI single ' y1vtal fc i n X ,I
liIeady pitpiIseid Var, iols phs p Iii c rami' for thii i int "ts ast

'lli piise , r0 t i pa r.nt s)ec itfi alotn (Ni. k.etam I
hav several )thtr mt is over a single iystaI . A Vijoslitent tisih~i ieiami.-s ate widening asge
!atge i ngotI may hei-obtained . rheic di tle ft cth.i r oi teIe ,entni I Iha.ti matet a I
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Table I Properties of Scintillators-

Gd 0 S'Pr CdWO Cs):TI-

Ceiaics 4 E

X-ray absiorption,
coefficient (co, 15 29 18

F'ig. 2. Schematic vii's of [lit (sostatio Presing
Spectral matching
factor with Si 1 .87 1.01
pho tod iode

Device output 1 .5 (2.8)

Afterglow* (.0) (.01 .5-5 Gd 2 r)- Q'n- -' -mics

Temperature
deedne*0 -3 - .2-7. Gd 2  In iCS

Hygroscopicity '40 NO0 SLIGHTLY

%1 at 3.0 to '1/degree at 20(-50'C Gd 2  n i CS

Gd2-z-- -niCS

Fig. 3. Tianrilurent ;d.,O,S:'r ceramic,
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Ce[3+], Tb[3+1 and Gd[3+], Tb[3+] Activated Silicate significantly greater than that of terbim free
X-Ray Luminescent Glasses For Real-Tine Radiography glasses having an equivalent amount of trivalent

cerium activation. Cerium coactivation of terbium
C. Boeno and R. A. Buchanan activated silicate glasses als _ deev the afterglow

and the susceptibility to radiation damage of these
Nondestructive Testing Technology Laboratory glasses under x-ray excitation.
Lockheed Missiles and Space Company, Inc.

815 E. Middlefield Road A weak Ce[3+] emission band with its maximum at

Mountain View, Ca. 94043 420 nm has been observed in the Ce[3+, Tb[3+] glasses

under 254 n. excitation. A broad Ce[3+] excitation
Many types of x-ray real-time radiographic imaging band (maximum at 355 nm) has been oberved while
systems employ x-ray to light conversion screens as monitoring the Tb[3+1 5D4-'F

5 
emission at 541 nm

the imaging medium [I]. A commonly used conversion indicating that energy is being transferred from
screen is composed of polycrystalline x-ray phosphor cerium to terbium under UV excitation.

particles embedded in a binder that is supported on
a mylar backing [21. These screens are similar to To increase the absorption efficiency of luineescent
some that are used as intensifier screens in x-ray glasses, up to 35 wtZ of Gd203 has been incorporated
film cassettes [3]. However, in real-time radio- into terbium activated silicate lueinescent glasse-
graphy no film is ased, and the visible image that is without devitrification. A clear in-rease in

generated is monitored by a low light level TV camera. luminescent response was observed under x-ray
Although many commercial polycrystalline x-ray excitation (40-400kV measured) with glasses that
phosphor screens have good x-ray to light conversion contain 5 wtL Gd203.

efficiencies [4], the image resolution is limited by
the light scatter among individual phosphor particles. References
Image resolution from the thinnest of these binder
filled screens is typically less than 15 line 1. R. II. Bossi, and C. T. Dien, "Real-Time Radio-
pairs/mm (Ip/mm) under 1OOkV x-rays. The use of graphy", UCRL-53092 (UC-38), Feb. 26, 1981.
thicker, more attenuating polycrystalline screens
results in a reduction in spatial resolution while 2. R. A. Buchanan, M. Tecotzky, and K. A. Wicker-
the enhanced light trapping of the thicker screens sheim, "Rare Earth Phosphors for X-Ray Conversion
limits the luminescence gains possible. Furthermore, Screens", V. S. Patent 3,725,704, April 3, 1973,
the binder reduces the absorption efficiency of Lockheed Aircraft Corporation.

those sc recns because energy ahsorled Is the hinder
does not get transferred to the Iceit.,cent cnters 3. R. H. Rei, "Photographic Ation of lonizine
in the phospber pirticvs. Radiation", Toronto-Wily, 1969.

Continuous transparent luminescent glass plates offer 4. For example, See Table 1 on p. 280, in A.1.N.
solutions to thoe probleve.. tcaue rho g11ev 

0 
e.' arF. 

"  
Ciii.. 09.- 0,,. t -

plates are particle free, they do not degrade the 1975.
resolution by transverse light scatter and can
typically resolve better than 20 lp/m under 10OkV
x-ray excitation using a 6-mm thick plate. Thicker
glass screens can be used because the light trapping

effects are significantly reduced. The utility of
thick luminescent glasses is particularly important

for industrial real-time radiography where high
energy (P200kV) x-rays are more penetrating and the
thin polycrystalline screens more x-ray transparent.

Since no organic binder is required in the glasses,
theoretically all the energy that is absorbed can be
transferred to the luminescent centers in the glass.
Optimized luminescent glass screens therefore pro-ise
improved contrast sensitivity, through impioved

absorption efficiency and improved spatial resolution

for x-ray imaging applications.

However, existing luminescent glasses have only
moderate effective atomic numbers (0 - 30) and densi-
ties 9"_ 3.0 g/cc) and have lower intrinsic x-ray
to light conversion efficiencies than crystalline
x-ray phosphors - properties that must be maximied
for improved detective quantum efficiency. Addition-
ally, many luminescent glasses have heen prone to
radiation damage (coloration) and afterglow
(background levels increase with increasinv dose).
We have developed improved luminescent ls;,

compositions that have enhanced x-ray als-pt ion
O1ficliences (enhanced Z ancd ), Increased n-rao t

light -onf,rsl-n effi-ienles, and red iftvrel,
-ud rad ist Ion damage.

,ri.ialet ei-r'-iiiv. a tiv.tc-l el ,-,.i, -Oi Ict

- 1t .ted with soill amount, of trf-llit eec
-s 1 en -i the lvi ,rent rsp,nse ,,*f h.

t, ×- ra i. I- t iteh-, I i-

I "n t, ,I t 1, " , L,. ,



Abstract No. 635

THE DETERMINATION OF X-RAY PHOSPHOR
SCINTILLATION SPECTRA

J. Beutel and D. J. Mickish

E. I. du Pont de Nemours & Co., Inc.
Imaging Systems Department

Research and Development Division
Experimental Station

Wilmington, Delaware 19898

When an X-ray phosphor in an intensify-
ing screen absorbs an X-ray quantum it
converts a fraction of its energy to light.
Since the actual amount of light varies
from one absorption event to the next, the
conversion is characterized by a probability
distribution, called the scintillation
spectrum, which is an important char-
acteristic of a given phosphor. The mean of
this distribution is directly related to the
speed of the screen/film imaging system and
its statistical moments enter into the
"optical information transfer factor" which
characterizes the contribution o" the X-ray
to light conversion process to the Detective
Quantum Efficiency (DQE), which describes
the efficiency with which the screen
transfers the information carried by the
X-ray beam.

An apparatus for directly measuring the
scintillation spectrum of screen samples at
various monochromatic X-ray energies has
been devised. An extremely low noise PMT
is used to detect the light photons emitted
after an X-ray is absorbed by a I cm

2 
screen

sample placed directly in front of the PMT.
The X-ray source, a 60 KeV Americium source
irradiating various metal targets producing
secondary X-ray emission in the range from
17 to 52 KeV, irradiates the screen sample
from a few centimeters behind. Signal pro-
cessing is performed on a LECROY 3500
acquisition and control system. The
absorption of an X-ray photon is detected
when two pulses are received from the PMT
preamplifier within 64 ns, as detected by a
programable gate. This interval is
considerably shorter than that given by the
shot noise frequency of the PMT. Detection
of an X-ray absorption event causes a time
window, whose width is adjusted to be equal
to the decay time of the phosphor's
luminescence to be opened and the light
photons emitted while this window is open
ore counted. The count is accumujated in
a multi-channel scaler (MCS) and the process
is repeated until the 8200 channels of the
MCS have been addressed. The instrument
thus reco-rd the number at photoas emitted
for each of 8200 X-rvy absorption events.

Subsequently the d t re so: ted by
counting the number of erecnts whl 'h gave the
lOWeSt photon Count, thl, next hi her photon

ioutrt, etc. The resulting curve is
corrected ar the PMT noise distributie,1
aver the s,ime time perid and is then

ipn t z, J t,) gtive i t a. ntil ltio
sp,.:Ctlur i:,, lts ~ ~ t Ii

' * t -:t t: l I. i1 , S i] V 7 [,t

M, ,.r, i



Abstract No. 636

The Detective Quantum Efficiency of
Screen-Film Systems

Phillip C. Bunch,
Health Sciences Research Division

Eastman Kodak Company
Rochester, New York 14650

The technical and intuitive origins of the detective
quantum efficiency (DQE) of radiation detectors is
presented in some detail, including its generalization
to include spatial frequency dependence as proposed
by Shaw.1l Additionally, the basic components of
DQE for radiographic imaging systems, sensitome-
try, modulation transfer function, and noise power
spectrum are discussed in simple terms.

Finally, an analysis of the DQE and sources of noise
of screen-film combinations is presented in terms of
the characteristics of a specific imaging system, in-
cluding X-ray quantum noise, film noise, a residual
screen noise term, and the noise associated with the
conversion of x-rays to light.J21

References

III R. Shaw, "The Equivalent Quantum Efficiency
of the Photographic Process," J. Phot. Sci., Vol.
11, pp. 199-204, 1963.

[21 Bunch, P. C., Huff, K. E., and Van Metter, R.,
"Analysis of the detective quantum efficiency
of a radiographic screen-film combination," J.
Opt. Soc. Am. A, Vol. 4, pp. 902-909, 1987.
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Abstract No. 637

X-ray Luminescence Fig-5 shows that YST has substantially
of different afterglow characteristics from YT.

Yttrium Strontium Tantalate Phosphors This also suggests that YST has different
emission mechanism from YT. For practical

Martin S. Royce, Shuji Nakamura' use, it is also advantageous that afterglow
Genichi Shinomiya, Sator, Chikutei diminishes more quickly.
Toshimasa Kondo

Fig-6 is a comparison of emission
Nichia Chemical Industries, Ltd. spectra between YT and YST when Nb is doped.
491 Oka, Keminaka-cho, Anan-city When YTN-I and YSTN-l are compared, YSTN-I
Tokushima-pref., 774 Japan has much higher AM. emission than YTS-I. As

it was pointed out in Fig-3 and Fig-4, YST
phosphors have extra emission band A_ , which

Introduction does not exist in YT phosphor. This seems to
be ture for Nb-doped system, too. In Fig-6,

Some impressive studies have been made it is also observed that YSTN-3 has much
on Va-family element based phosphors by higher efficiency than YTN-3. This fact is
Brixneri Blasse and Bril

t 
, and some other also very important for the practical

scientists. Among these phosphors, there are application of this phosphor.
tantalate phosphors, niobate phosphors,
vanadate phosphors, and so on. In the course Conclusions
of our study on the emission characteristics
of these phosphors under UV-excitation at low Among various Yttrium Alkaline Earth
(liquid nitrogen) temperature, an unusual Metal Tantalate phosphors, we primarily
emission band was found in Yttrium Strontium concentrated our efforts on the study of
Tantalate phosphor l(Fig-l). This fact caught Yttrium Strontium Tantalate (Nb-doped and
our keen attention, and the focus of our non-doped ) . In this paper, we simply
efforts was placed particularly on Yttrium presented the data which we had collected
Strontium Tantalate phosphors. After from our experiments. Thr ough these
experiments, it was found that some types of experiments, we became certain that some new
Yttrium Strontium Tantalate phosphors (Nb- emission mechanism, which does not exist in
doped or non-doped) had highly promising Yttrium Tantalate phosphor, is working ii
features under X-ray excitation. In this Ytt riun ctront ium Tantalate phospho-r s .
paper, experimental results on Yttrium However, tie t eoreti cal reasoning for this
Strontium Tantalate phosphors are presented new emIssIoln mechanism will be left for
mainly by comparing with Yttrium Tantalate further study in tile future. It is our
piosphor which has been recognized as one of sincere h(pe that these Yttrium Alkal i ire
the best phosphors for X-ray applications. Earth Metal Tantalate phosphors will

contribute to open new opportunity in the
Results and Discussions improvement of X-ray film/screen systems.

Y 0.Sr0.3 TaO 4 phosphor, hereafter called
YST- 3, shows three emission bands when the Reference
temperature is changed from
25°C to -190'C (Fig.l). 1) Erixner, U.S.Pat. No.4,220,653.

2) firiixn r 'It'd Cheini, J.Flectoctem.
AsHT- Emission band at around 325-340 nm Soc. 130, 243r (l185).
A D--- Emission band at around 395-410 im 3) Rlasse and Bril, ,.i.uminosoence 3,
A, --- Emission band at around 460-480 em 0

Q 
(I 1970)

YTaQ, phosphor, hereafter called YT, has only
two emission bands, As, and Xr, ()'ig-2).
These facts suggest that there is a basic
difference in emission mechanism between YT
and YST. This new finding was intrerestint
enough to put more R/D efforts into tire study
of Y ,2,tySryTaO4  phosphors (YST). Af ter
some experiments, some of YST phosphors were
confirmed to have very promising features
particularly under X-ray excitation.

Fig-I shows the emission spectra fhr YT
and various YST phoshhors with differenit Sr
connI et . It is important t nonot ie that
YST-I has considerably hit gher ef f i i,-, y than
YT. Subtract ion of spectra was srlad,, hret wt
YS1t 2 and YT. It is generally bolieved that
YI lons nut have A ,: l 55 on ar

I 
Trut

t rmp r-rt rir . A, rrrrdrr ri to tIe rIu I I I
s'Ilt rat 1or (Fig-4). YST ph,,phrrs r I tI

ho- it air ir r ,si a O)m ti1
-ai

,  
,ic-, irn iw ,t ,r - t inq f,,ill - It r, ,,i 1 1lr,

'hit Sr 1s laynrI a. v I t r I L II Ii
" pl1f} ,I mo 'ti n i m t o t f;l IrhO,.Il '.



F IG i EMISSION SPECTRA UINDER UIV-EXCITATION FIG 4 SUBTRACTED EMISSION SPECTRUM

EXCITATION..25
3

.7nm UEF0-RENCE...FiG 2

'o3. 0 50 
300 400 500

IYST-2-Y-9. Y0 /Sr Y Q3TO04 (YST2so'

15 00

0 - 50 60050

300 ,0 MD s

WWVEELNNTTHUI1O

FN G Ar I ERG[-I U1 NDER

X RA, [YCIJAlloJ

F102 EMISSION SPECTRA U NDER Y'-EXCIi ATION X I A 5UkU. MU (UPET. AL-CRTIER
EX~jr4,T0N,-57 m EMPIEPAIURE 25 C

I- / 0 SToE-?y

40 
25 0

/j--N to

30 I F-

-4C to 40S

c cH MD 0 -Zarj -

0 < 116 0 ' 10 AU E . Al I T

Z; O ~SSIO SP ER 1N E - 5 _0;C A C EM'PIP

,--S 5 WAV 9R ELENLGTH(-) 10S'6 -- ---- -y y' ,

so~ R;I G I, (' K) C tF'Itn

II 0' IE 7 1

f-s 1) 1

0 30 s T 
sii

T M FE, 1 I .. it -

R I I Tt I , Ift Wit", - 4



Abstract No. 638

X-Ray Excited Luminescence Spectroscopy of Activated .jJunanue
and Unactivated Tanialate, I. L. H Brixner and H. -y. Chen, J. ElectroChem. Soc. 130,225(1983).

2. G Blase, Structure and Bonding 42, 1 (1980), Springer-Verleg,
M. K. Crawford', L. H. Bixner, K. Somaiahl" and G. Biase

2  
B arsin d

1E. . du Pont de Nemours & Co., Experimental Station, Central

Reearch & Development Department. Wilmington, DE 19898 USA
2
Physical Laboratory, University Utrecht, PO Box 80.000, 3508 TA. The

Netherlands

Activated YTaO4 in the M structure (P2/a space group) Is anLcxS oi.

excellent commercial X-ray phosphor used tor medical imaging.
1 

Here
we describe X-ray excited luminescence spectroscopy of this system
and isomorphic LuTaO4 activated with various transition metal and rare
earth ions.

Luminescence was excited with X-rays from an Mo X-ray tube
operated at 30 kV and 20 mA, Single photon counting detection was
employed. Sample temperatures were varied between 290 K and 2 K
using a pumped liquid He cr-ostat equipped with X-ray transparent mylar
and polyethylene windows. Suprasil windows permitted the ultraviolet
(UV) and visible light to reach the detection system. t.ox.,oo,,.x,

In Figure 1 we show the X-ray excited lumninescence spectra atof/ ~ *
LuTaO4 activated with several rare earths. The broad band emission at
330 nm originates trom charge transfer excitation at the Tag 6 group.

2

In Figure 2 we display a schematic energy level diagram for the Tag 6
group. The lowest excited states are the 'T2, 'T1 and 

3
T2, 

3
T1 states.

The emission arises from the 
3
T levels and is spin forbidden. Due to the

large amount of spin orbit coupling expected tr Ta the excited triplet
states wilt have appreciable admixture of singlet character, relaxing the .. .
spin selection rule AS - 0. (The relatively short emission lifetime seen
in M type YTa04 is almost certainly due to the spin orbit coupling of
Ta3).

The M5OM0 crrW shift kI energy tar TaO6 emission (330 rm) vs.
absorption (220 nm) Is due to two causes: 1) the difference Is energy
between the 

1
T2 , 1T1 , and 

3
T2 , 

3
TI states and 2) the change in Ta 6  1 4

geometric configuration in the excited vs, ground state. (The second
factor gives rise to the Stokes shill), i there is a large geometry change
in the TaO6 group In the excited state (

3
T2 , 

3
T1 ) then the excitation

energy will be trapped and cannot migrate through the Taos sublallice.
If there Is little geometry change then the energy may undergo migration Fr
as a triplet excitation, via exchange Interactions, perhaps with some
contribution due to dipole-dipole interaction permitted by spin orbit
coupling. It seems most likely that energy migration within the Ta06
sublattice does not readily occur, particularly at low lemperatures.

It can be seen In Figure 1 that energy transler from Ta06 to rare
earths proceeds readily, but with an efflency which depends upon the
particular rare earth. This variation arises Irom the different possible
mechanisms for energy transler from Tag6 to the rare earth, I.e.
exchange and dipole-dipole (Forster). Since the distances over which
these interactions are effective are quite different (<5A. for exchange vs. Lo gbo 

01
io,

up to -30A for dipole-dipole), the relative importance of each can 'x.- 'is -
dramatically aftect the energy transfer (host to activator) efficiency,
Furthermore. the degree to which the host and activator energy levels
are resonant is also an Important factor. The energy transfer efficiency
can be qualitatively explained by these conslderations.

In Figure 3 we display the X-ray excited luminescence spectra of *0,-,

Yo.99Gdo.otTaO4, LuTa.9 95Ti.00504, and LuTaO4:Gd,Nb. In all
cases, energy transfer from Ta0 6 to the various activators occurs

efficiently. TI and Nb are both broad bend emitters, whereas the Gd
3+

emission arises from the 
6

P7/2 ---> 8S712 (f--->f) transition. In rwr°xr.F. .
YTaO4:Gd there is also Gd

3 + 
emission originating in the higher lying 6i 'xr',,

levels at about 280 nm. These levels are easily excited by X-rays and, In
fact, the-a Is some evidence tar emission frm the even higher 

6
D

energy levels near 250 nm (40,000 cm-
t
).

Finally, in Figure 4 we show the luminescence spectra of
YTSO4:Gd. LuTaO 4 :OdNb and LuTaO4:1 at 2K. In all cases efficient
activator luminescence Is seen, indicating that thermally activated
energy migration within the tantaleale sublfarice Is not the dominant
pathway for energy transfer tr the activator concentrations studied, ax

*Visiting Research Scientist; Permanent address: Department of W.&en1th,

Physics, Osmania University, Hyderabad-500007, INDIA

Acknowledgements: We thank R J. Smalley, T D'Ailesandro and J, Figure I Room temperature x-ray excited luminescence spectra of
Rooney for help In perorming the measurements for sample LuTa0 4 activated with various rare earths The broad band
preparation. K. Somaiah thanks the Vice-Chancellor IT. Navaneeth Rao) at 330 nm Is due to TaO charge transfer emission
and Head, Department of Ph,,sics, Osmania University, Hyderabad, ira
tr granting him leave for uncLirtaling this Investigation.
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Abstract No. 639

LUMINESCENCE AND RADIOGRAPHIC PERFORMANCE OF EXPERIRENTAL SECTION
YTTRIUM/LANTHANUM TANTALATES A series of formulations was prepared in which

lanthanum was substituted for yttrium at I to
500/m. Niobium was used as the activator at a

W.Zegarski* and L.H.Brixner+ constant 0.02% level. The constituent oxides
were thoroughly blended with lithium sulfate

E.l.du Pont de Nemours&Co.,Inc. and fired in air at 1200
0
C. Removal of the

flux gave white powders which were character-
- Central Research and Development ized for both physical and radiographic

Imaging Systems 
properties.

RESULTS AND DISCUSSION
Towanda, Pa. 18848 Sc-annsn g--ectron microscopy showed no dif-

ference in phosphor morphology as a function
INTRODUCTION of substituting lanthanum for yttrium. X-ray
The high density and x-ray to light conversion diffraction results indicate that lanthanum is
efficiency of phosphors based on the tantalate soluble in the host up to 10%. Beyond this
anion make this class of materials well suited level, two phases are present. To test radio-
for use in intensifying screens. Although only graphic performance, the samples were disper-
the yttrium compound has been found to be com- sed in binder solutions from which films of
mercially acceptable, the use of other cations varying thicknesses were cast. Phosphor effi-
results in phosphors which may also be useful ciency was measured at 70 kvp. The results are
diagnostically. Lanthanum tantalate is one of shown in figure 2.
these materials which we have studied. The k-
edges of this material make it attractive for
increased x-ray absorption (fig.l).

.u - -.~O5.5x.2 .B.45., -i.i us
* " .~. -.- -it-2 454541"2 .4.364398 .X.W058s

* .i5~ -5*50.8"? 1.26... -0.31M5~
* -1.1-392602 .52M0. O~.HOt4

-- it8~,m - 'l -0.963812*- . 8I57i,, .0.2283A
*Se. 1.) 60 . i- ttrsIutLe.8Rth T*4l1.t.

-- Sersec wart Rca.

0.2..

Figure 2. Screen Speed/Weight Dependence
8.0

Quadratic fits of speed to screen coating
Fig.l. X-Ray Absorption of Tantalate Phosphors weight show changes occur at lanthanum levels

between 5 and 10%, which are probably due to
the formation of the second phase. Prompt to

The La edge at 38.9kev adds to that of Ta at lag ratio was found to vary with La
67.5 which results in higher aDsorption concentration. It ranges from 0 from for the
compared to that cf the yttrium compound. A base case to 2.2 for 50% sutstitution.
deficiency related to the use of this
phosphor, however, is its low conversion CONCLUSION
efficiency when compared to that of yttrium Lanthanum is soluble in yttrium tantalate at
tantalate. To determine if the ability of between 5 and 10% of the cation concentration.
lanthanum tantalate to convert absorbed x-rays The formation of two phases beyond the
to light could be improved, the solubility of solubility limit is accompanied by changes in
lanthanum in yttrium tantalate was examined, radiographic performance.
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Iiuhpeed Stisutable Phosphor Xhray Detector
for Computed Radiography

C.Cmemoto,A ,. tada,.Takahaslii,T.Matsuda IA)
Fuji Phot, rilm Co.,Ltd., Miyanodai Development

Center, Kaiseimachi,Asligarakamigum,kanagaxa,

258 Ja;an
(B)

(1) Introduction 0.5 -
BaFX(X Cl,Br, l) crystals have the t:tragonal -

structure of PbFCI ani txo types of F centers,FIF I /

and F(X-),can be created by X-ray exposure., ,e i - e i

It has been shown that these centers turn out to ( the high-speed IP

be the photostimulable luminescence (PSL) centers" = (l)the previous IP

and that the excitation and photostimulation in
BaFX:Eu are caused by the processes of Eux-; Fu.
and Fv-centersF. 

" '  0.5 1.0
Fuji Computed Radiography ( CR ) systems is a Excitation laser energy ( A.U 1

digital image acquisition and processing system for

static projection radiography by utilizing this PSIL Fig.1 The integrated PSL intensity as a function

phosphor in the image receptor named Imaging Plate, of the excitation lase, energy

I I) .I1
The new IP has been developed by utilizing the

igh-speed FSL phosphor.
In this paper, the PSI. characteristics of it are

presented. 1.0

(2)Experimental Results C

The integrated PSI. intensity as a function of the
excitation laser energy is shown in Fig. i.
The normalized decay curve of the PSL intensity is

shown in Fig.2, which suggests that the optical
cross section for PSL in the high-speed IF is not N

inproved compared with the previous one.

N (B) " "-.
(3) hiscussion 

"B

D.Tl.de Leeuw et al." have already reported that
large improvements in optical cross section for PSL. (Al the high-speed I'
in BaFBr:Eu phosphors are improbable. Our results (SI the previous IP
does not conflict with theirs. 0.1

However, the integrated PSL intensity of the new 0 1 2

IP is about 1,6 times largor than that of the
prevous one in case of the same stimulating laser Decay time ( A.U1)

energy. Fig.2 The decay curve of the PSI intensity

That is to say, the concentration of electrons
trapped at F-(enters dose increase in the
tileN-syced IF. References

O ing to this high sensi tivi ty, th imape noise I) M.Yuste,l.Taurel ,M.Rah mani and P tmon.e

due to the flu tuation of the detected umi nescent J . Phys .Chem. SoII d. 37 ( 1976) 961
photons has been dec reased. 2) K. Takahashi, C. Shihahra and J. i ahana,

ily refining the constitution and the J.ilectrochem. Soc. 1321 :8i5 I-V)2

configuration of the IF in addi Iion to the 3) K.Takahashi .h. ohda,J.M iyahaI,Y.Iancm, iso, .

k.Amitani and S.Shionoya, J.lcnin.3101 :'11inyrovie.nt vi the sensi tivi ty, thle root me an

s,,are value for the total noi e of the CR system 26

is loerod about 15 % r, in exposure ovf 0.5 mR F. akahashi,.K ohda and S.Shion,a .hvtn 1I

(70kvp,2mm AII filtration) by this hick p'.d I.Abstracts of the 170 th.Iect r.'mi , .t

feeting. 1018198G)
5) X. Takahashi and J ifiyahaai, Fstn,l,l 1 t,!,ti

of the 172th. Flectro(heim .al Societ, ,.

1732(1987)
6, B. Son d, ,.tuxano,.J- i y a an] II. d t -

Rdol ogy.-II [ii 91. 19t)3.1

71 fP.5l., v I .. , t.KR , its .ini n . Ih,

... ' le .) , h m . ; . l.. .l'.....:



Abstract No, 6-4

PROPERTIES OF RbX:TI(X=Br,I) Sensitivity and readout time are also
PHOTOSTIMULABLE PHOSPHORS improved through the use of RbX:Tl. The

problem exists that sensitivity, as a direct
K. Amitani and S. Honda result of a signal-to-noise ratio, and real-

Konica Corporation out time are conflicting characteristics. In
No.1 Sakura-machi Hino-shi order to improve both, PSL intensity must be

Tokyo 191, Japan increased, while the limit to shortning read-
out time must be minimized.

PSL intensity can be raised by increas-
ing laser power (Fig.2). This is more easily

THE KONICA DIRECT DIGITIZER done with a laser diode than a He-Ne laser,
and with the added advantages of smaller size

In the field of medical image diagnosis, and lower cost. RbBr:Tl allows this because
digital image processing technology is be- its stimulation spectrum is suited to laser
comming popular in the effort to realize diode stimulation.
greater diagnostic efficacy. It is an indis- Shortning readout time is limitted by
pensable technology for the purpose of effi- PSL response. In Fig.3, the PSL decay time
cient managing and archiving of medical image of RbBr:TI is shorter than that of BaFBr:Eu,
imformat'on, allowing readout time to be shortened. We

found through simulation that scanning speed
The Konica Direct Digitizer(KDD), now using RbBr:Tl can be increased up to 150 m/s

under development, is an x-ray image captur- without degrading modulation transfer func-
ing unit which uses an x-ray detector com- tion, which means the readout time of 2000x
posed of a Rb~r:Tl photostimulable phosphor. 2000 pixels could potentially be shortened

A schematic diagram of the KDD is shown down to about 10 seconds.
in Fig.l. When the photostimulable phosphor
detector is exposed to x-rays, it temporarily While RbBr:Tl has displayed strong ad-
stores the absorbed x-ray energy pattern, vantages over other non-RbX:Tl phosphors,
Then, when scanned with a focused laser diode our most recent work has suggested that our
(
7
80nml, it emits photostimulated lumines- system might further be improved by the use

cence(PSL) whose intensity is in direct pro- of RbI:Tl. As seen in Fig.4, the RbT:TI
portion to the absorbed x-ray energy. The shows a stimulation spectrum even more appro-
PSL is detected by a photomultiplier tube and priate to a laser diode than RbBr:T. And
is converted to a time-series digital signal its x-ray absorption coefficient is higher,
by an anclog-to-digital converter. The data further increasing PSI, intensity. At the
are taken into the frame memory of a control- same time, RbI:Tl decay time and laser diode
Ler, then displayed as a visible image on a power dependence have been verified as vir-
CRT. After scanning, the detector is exposed tually the same as RbBr:Tl, and, like
to a halogen lamp in order to erase the re- Rbllr:Tl, Rb5:TI can be produced through evap-
mining x-ray energy. Repeating this prove- oration. While obstacles still exist to its
dure, the detector can he used again and use, RbI:Tl promises to allow further refine-
again, ment of the KDD.

Rt :TI PHOTOSTIMUIT.ARLE PHOSPHORS CONCtUS ION

The key to the KDD's features of high The KDD now under developement has de-
image quality, high sensitivity, and short monstrated the advantages of using RbX:TI
readout time is the use of RbX:Tl photostimu- phosphors (both RbBr:Tl and, potentially,
lable phosphors rather than BaFBr:Eu or RbI:TI) to achieve high image quality, high
others, sensitivity, and short readout time in

RbX:Tl have shown several advantages: digitalized x-ray image capture.
1) The phosphor layer can be produced

by evaporation,
2) It is suited to laser diode stimu-

lation (780nm),
3) The PSL decay time is very short,

and
4) Remaining x-ray energy can easily

he erased by exposure to light.

With a RbBr:Tl detector, x-ray images
are excellent because the phosphor layer can
be produced uniformly by evaporation so that
there are few structure mottles. Under appro-
priate evaporating conditions, the phosphor
layer consists of crystal pillar-shaped block
structures, so that laser beam scattering is
supressed, which allows a highly sharp x-ray
image.
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Abstract No. 642

MEASUREMENT SYSTEMS FOR THE CHARACTERIZATION OF
PHOTOSTIMULABLE PHOSPHORS AND STORAGE PHOSPHOR The dark decay was monitored by measuring the

SCREENS FOR X-RAY IMAGING. emitted light intensity obtained by stimulating
the phosphor with very low intensity short pulses

with a light emitting diode at 30 minute
L. Struye

Agfa-Gevaert N.V., B-2510 Mortsel, Belgium intervals. Between pulses the phosphor is left in
complete darkness.

The image quality of a photostimulated X-ray The total pulse energy which is given by
storage screen is not only dependent upon the multiplication of intensity with the pulse length
properties of the photostimulable phosphor, but is so low that the decrease in stored energy
also on its incorporation into a screen. during the measurement is insignificant. This

Equipment has been built to determine the measurement normally takes 15 hours.
intrinsic properties of a photostimulable phosphor A laser scanner was built for the screen image
and screen properties affecting image quality, qua.i

t
y measurements. A 140 )m focused laser

Photostimulable phosphors have been characterised beam is scanned over the screen with a speed of
by the prompt emission spectra their conversion 1000 n inches/s after prior X-ray irradiation
efficiencies, their stimulation energies at through a lead raster. This raster contains two
different wavelengths, their response times, their references areas and bars with different spatial
stimulation spectra and their evolution after frequencies. The phosphor is then excited with a
excitation, their decay characteistics after square wave with the frequency changing from
photostimulation and their dark decay 0.5 lp/mm t 3 lp/mm. 

T
;e amplitude of the signal

characteristics. Storage properties have been as a function of space frequency gives the
characterized by the sensitivities, sharpness coordinates with which the square wave response
(ShR and iTF) and signal to noise ratios of the can be calculated. The signal to noise ratio is
phosphors, determined by exciting the phosphor screen with a

The conversion efficiency and stimulation uniform X-ray intensity. The laser scanner is
energy of photostimulable phosphors have been used to read out one line and the curve is
determined by preparing a phosphor screen using corrected with the sensitivity curve of the light
the minimum amount of mechanical energy, then collection unit of the scanner.
irradiating the screen with a known X-ray dose and The noise is separated from the signal using a
then stimulating a small area of the phosphor digital filter and the signal to noise ratio
screen with a focused laser beam. The intensity calculated in dB from the energy of the two
of the emitted light is monitored with a digitiser signals.

and is exponential with time. The integral

beneath this curve gives the conversion efficiency

of the phosphor (the total light emitted by the

phosphor/unit area/X-ray dosage) and the product
of the time required to reduce the stored energy

to l/E of its initial value and the laser
intensity gives the stimulation energy. The

stimulation spectrum is determined by scanning
with monochromatic light from a lamp in the

spectral region of interest. The intensity of the

stimulating light is so low that the energy stored

in the phosphor is not significantly changed
during the measurement.

The response time is measured by stimulating

the phosphor with short laser pulses. Pulses with
a risetimc of 15 ns de achieved with an acousto

optical modulator. The detecting photomulitplier

and amplifier has a risetime of 35 ns. The curve

is an exponential.
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Abstract No. 643

SOME SYNTHETIC ASPECTS OF BaFBr:Eu ranging from 565 nm through 890 nm. The phos-
PHOTOSTIMULABLE PHOSPHOR phor sample that has been stimulated with a

585 nm wavelength stimulating radiation has
given out the maximum amount of light output

Vaddi Butchi Reddy compared to the phosphor sample that has been
stimulated with widely noted 633 rn' sr

4-
Vt

ing radiation. The following table shows the
GTE Products Corporation PSL emission intensity improvements.

Hawes Street
Towanda, PA 18848

TABLE I

S.R.W. PSL EMISSION
Divalent europium activated barium fluoro mm) (Arbitrary Units)
bromide (BaFBr:Eu

2 +
) has been a central

focus in the development of filmless radio- 565 234
graphy system which is popularly known as 585 244
Digital Radiography. Several articles

1
-

3  
633 170

have described the preparation and photostim- 660 105
ulated luminescence emission (PSL) phenomenon 890 1
in this phosphor. The primary object in the
development of this phosphor is to replace S.R.W. Stimulating Radiation Wavelength
the costly film in radiography application
and use the photostimulable phosphor screen
as image forming media. The image forming Various BaFBr:Eu phosphor samples synthesized
process is separated into two parts as exci- have demonstrated variations in their PSL
tation and stimulation. During the excita- emission and screening performances depending
tion stage the phosphor screen is exposed to on their synthetic atmosphere conditions,
x-rays, thereby capturing a latent image of particle size of the phosphor, activator and

&te s6L~ect. The phosphor screen is then dopant concentrations. A study indicated
stimulated with a suitable visible/infrared that the addition of 0.025 moles of magnesium
radiation of a known wavelength to cause the and 0.03-0.035 moles of strontium in the
emission of the luminescence at its charac- phosphor resulted in a high PSL emission
teristic wavelength (in this case 388 nm). efficiency. The PSL output has also been
In an actual device the x-ray exposed phos- found to increase as the average size of the
phor screen is rastered pixel by pixel with phosphor increases. An optimum average
a laser beam of suitable wavelength and the particle size of 8-11 v has been found to
resulting luminescence is detected and manip- give a brighter PSL phosphor with good
ulated to obtain an image. In order to screening characteristics. It is also found
obtain good quality images the phosphor is that the BaFBr:Eu phosphor has demonstrated a
required to have high x-ray absorption, good large PSL emission reduction on deagglomera-
energy storage, high PSL emission and short tion/milling procedures that is not intensely
PSL persistence. Several synthetic manipula- effected with normal x ray phosphors.
tions are made to obtain a high performance
PSI. phosphor. Some of these aspects will be One of the last steps in the phosphor prepara-
discussed. tions is the washing of the final product.

It has been found that BaFBr:Eu PSL phosphor
is very sensitive to water and only organic

EXPERIMENTAL solvents (such as alcohols) have to be used
for washing purposes. A simple test of

Powder samples of BaFBr:Eu are prepared at stirring 10 gm of BaFBr:Eu phosphor in 50 ml
about 900 °C using different sources of water for 30 sec. indicated a 50% reductiorn
bromine and europium to achieve high PSL in its PSL emission intensity. X-ray
brightness to the phosphor. Small amounts diffraction of this sample indicated the
(0.02 0.O5 moles) of magnesium and strontium presence of BaF 2 and BaFBr:Eu suggesting that
in the form of halides have been doped in to a considerable amount of the phosphor when
the system during the synthesis to imprev" stirred in water has been decomposed.
the PSL luminescence. PSL measurements are
performed on a DigiRad measurement device. Based on the experimental data it is believed

that the BaFBr:Eu photostimulable phosphor is
a very delicate material to prepare although

RESULTS it is the only phosphor that has produced
good quality radiographs in the filmless

Phosphor samples prepared with this proce radiography.
dure have a final composition of Bao. 9 4 1
Sr 0 . 03 2 Mgo.0 2 5Fu0. 0 0 l8 FBr. The absorption
spectral peak (270 nm) of this phosphor REFERENCES
corresponds with the excitation maximum.
The emission spectra of the phosphor with 1. K. Takahashi, K. Kchda a:.. i. Miyaharz,
IJ.v. excilation and as well as xray excita J. Luminescence 31/32 (1984) 266
tion indicated a maximum at around 388 nm 2. D. M. deleeuw, T. Kovats, and S. P.
indicating hle emission. The P51, emission Herko. J. Electrochem. Soc. 134. (198fl
of the pre x ray exposed phosphor samples 491
i I.,- ceaSILed by stimulating with stimu 3. J. L. Sommerdijk, J.M.P.J. Verstegen and
Iat itq radiatinoir; of different wavelengths A. Bril, J. Lumineocence ,.974) 502 50k.



Abstract No. 644

Charge Transfer during Photostimulation of X- below given PSL lifetime between 4.2 K and
Ray Storage Phosphors 420 K. For RbBr:Tl the PL lifetime is depen-

dent on the exciting wavelength and does not
Heinz von Seggern, T.Voigt, K.Schwarzmichel coincide with the PSL lifetime. It is found
Siemens AG, Central Research and Development, that by Pyciting into the 240 nm Tl absorp-
8520 Erlangen, Germany tion band a lifetime of 500 ns is observed

whereas illumination into the 265 nm band
Introduction yields a value of 420 ns. The PSL lifetime
Recently a new medical X-ray diagnostic has, however, a limiting value of i = 280 ns
system has been introduced based on photosti- which is believed to be the actual T1I life-
mulable phosphor films replacing the conven- time for an X-ray irradiated sample (see
tional film-screen system. The X-ray storage below).
phosphors, utilized commercially, are the
Europium doped alkali-earth halide BaFBr and The contributions of the F-cei.ter as well as
the Thallium doped alkali halide RbBr. During the conduction band to the PSL response can
X-ray irradiation a J®se propcrtional be investigated by measuring the PSL lifetime
information is stored in the phosphor in the and efficiency as a function of temperature.
form of locally trapped electron/hole pairs. The experiments were carried out in the same
Electrons are found in F-centers, whereas manner -9 the PT. lifetime experiments except
holes are captured by the dopants. Takahashi that the sample was X-irradiated prior to the
et al. [1,2] offered a model describing the measurement and the exciting wavelength of
information recovery by a direct ionization the 10 ns flashlamp was filtered by a 530 nm
of the F-center (F + hv. --> F- + e-), fol- and 600 nm highpass filter for BaFBr:Eu and
lowed by a transport of the excited electron RbBr:Tl, respectively. The irradiation was
in the conduction band and a subsequent performed at room temperature in case of
recombination of this electron with the BaFBr:Eu and at 210 K in case of Rb'r:Tl,
ionized dopant. In this study we address the followed by a cooling to 4.2 K and and a sub-
charge transfer mechanism during photostimu- sequent stepwise heating up. After each step
lation in both materials and partially revise the PSL lifetime and the PSL efficiency in
the Takahashi picture. form of the amplitude- lifetime product

1--x was extracted. Because of the small
Experimental results amount of information read out per measure-
Measured stimulation spectra of both materi- ment the whole experiment could be performed
als agree with published data of BaFBr:Eu by with a single X-ray exposure. In this method
Takahashi et. al. (1,2] and of RbBr:Tl by variations in the exposure and spatial inho-
Amitani et al. [3]. For the latter material mogeneities can be neglected. The PSL life-
coincidence between the stimulation spectrum time for both substances is shown in Fig.l.
and a published F-center absorption spectrum and the PSL efficiency is plotted in Fig.2.
[41 was found. Since the same result was al- For BaFBr:Eu one observes an almost tempera-
ready shown in the case of BaFBr:Eu [1,21 we t:re independent value for both the PSL life-
confidently assume that the stimulation time and the efficiency. Consequently one has
spectrum for both materials has its origin to conclude that the PSL mechanism does not
in the F-center absorption. The observed contain a thermally activated component. For
emission can be attributed to the charactri- RbBr:TI the PSL lifetime behaves completely
stic emission of the activators Eu and Tl, different. For temperatures above 320 Y one
respectively. In case of the Europium the observes a constant PSL lifetime which is re-
emission corresponds to the 4f

5
5d -- 4f1 lated to the lifetime of the excited state of

transition of the Eu
2
- and in Tl it seems li- the T1 in X-ray irradiated RbBr. Below 320 K

kely to be a transition in the TI1 ion. measurable down to temperatures as low as 60
K a thermally activated PSL lifetime is ob-

To understand the charge transfer mechanism tained which varies almost three orders of
from the F-center to the activator we conduc- magnitude exhibiting an activation energy of
ted time resolved experiments from 4.2 K to 30.2 meV. The measurable efficiency of the
420 K. The measurements were performed by thermally activated PSL is constant from 230
illuminating X-ray irradiated and nonirradia- K down to temperatures of at least 60 K.
ted samples with a 10 ns flashlamp pulse Below 60 K the thermally activated PSL
(Nanolite, Impulsphysik) through optical fil- becomes to small to be measurable in our
ters at appropriate wavelength which depend setup. In addition a temperature independent
on the type of experiment to be conducted. PSL signal appears whose efficiency is smal-
The resulting photoluminescence (PL) or pho- ler and which is believed to be related to
tostimulable luminescence (PSL) was detected tunneling of an electron from the relaxed
with a photomultiplier (S 11 cathode, Thorn excited F-center state to the Tl2 ion or to
EMI) through a combination of bandpass fil- a hole in the neighborhood of the Tl" ion. At
ters matching the emission spectrum in order which temperature the thermallf activated
to separate the exciting from the emitted component of the PSL process disappears can
wavelength, not be extracted from our measurements.

To gain inside into the ongoing processes Modelling and discussion
during and after optical stimulation we have In Fig.3 the band model of the PSL process is
tried to separate the individual components shown. Let us assume that an X-ray dose pro-
contributing to the PSL process. In the first portional number of F-centers (trapped elec-
step we have measured the lifetime of the trons) and recombination centers (trapped
excited state of the dopants. Therefore the holes) exists, for the sake of simplicity in
nonirradiated samples were optically excited form of Eul- and T1

0 
. As mentioned above the

by illumination at various temperatures into stimulation spectra of both materials have
the Eua* and T1 absorption bands, respecti- their origin in the F-center absorption. This
vely. For BaFBr:Eu a practically constant PL suggests strongly that the F-center acts as
lifetime was found which agrees with the the occupied electron trap. The energetic
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level scheme of a typical example of such an

F-center [4] is shown schematically in

Fiq.3. During optical excitation (photostimu- TerOat'e

lation) the F-center gruundstate electron 500 K 200 00 80 60 0 55

(is) is pumped into its first excited state .

(2p) where it causes a lattice relaxation re- 10 .
sulting in an energetic shift of the energy 8
level close to the conduction band r 6levl loe o he onucio bnd(relaxed 2 4 .. .RbB,!. .

excited state). Once in this level the elec- Z E,=302e
tron has different alternatives: 2

al recombination into the unrelaxed ground-
state,

b) escape into the conduction band by thermal

activation and subsequent recombination in 2
the Eu

"  
and T1 , respectively, i

tunneling to the neighboring recombination 2 8
center. 6

For BaFBr:Eu it is likely that the excited 2
electron is not able to leave the F-center
since apparently the tunneling process is 4 6 a 10 12 14 2 '6
more efficient and explains the tel.perature Te v.10, -

independent PSL. This, however, requires the
existence of close proximity of the F-centers FigJ Temperture dependence of PSL lifetimes
and the Eu-ions. We therefore suggest the resulting from ns optical pulse excitation.
existence of a Photo Stimulable Luminescence
Complex consisting of F-centers and Eul-ions
as a kind of aggregation centers (see Fig.3
right side). Dynamical studies of the PSL be-
havior support this point of view [5). ,

For RbBr:Tl the PSL behavior is more com-
plex.Dependent on the temperature regime the
material shows different PSL mechanisms. Frcm 70

4.2 K to about 60 K a tunneling process is 60
observable. After photostimulation 11,e F-cen- 0 -
ter electron is not able to leave its relaxed
excited state therefore only those electrons 0
tunnel to the activator which are located oI

close to a T12' ion or to a trapped hole in 301

the T1 vicinity. At higher temperatures (T > 0

60 K as the measured value) the escape of the 10
excited F-center electron to the conduction 2

band seems more likely since the required 0 50 i00 100 215 207 •
thermal energy is now available. Once in the
conduction band the electron has to move
through a large number of traps which exhibit
an activation energy of E. = 30.2 meV. At Fiq.2 Temperature dependence of PSL effi-

higher temperatures (T > 230 K) the storage ciency I.,.r

behavior of the X-ray information declines
indicating an instability of either the F-
center or the trapped hole. ________

Interesting in the case of RbBr:TI is the mo-
dified Tl lifetime after X-ray irradiation.
This could be the influence of a trapped hole
in the vicinity of a T1 ion instead of the
above assumed T1

2
- ion. That the trapping is

stronger in case of the Tl than in case of - k
the Eu can be understood by comparing the ion
radii of the activators with the matrix ele-
ments.
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Abstract No. 645

Study of the Photostimulable Luminescence gate the influence of the mole ratio on the

Complex in the Storage Phosphor of BaFBr:Eu resulting PSLC density we measured as a func.

tion of m the stimulated output signal, the

K. Huber++), W. Knpfer+), M. Mengel+), stimulation spectrum, the concentration of

K. Schwarzmichel++), H.v. Seggern++) divalent Eu'
+ 

in the host and the geometry

of the host with the help of x-ray diffrac-

+) Siemens AG, Medical Systems, D-8520 Er- tion. For the determination of the stimulation
langen, ;e- md. spectra a flashlamp with a pulse duration of

++) Siemens AG. Research and Development,
D-8520 Erlangen, T erma.,y about 10 ns in combination with a, optial

filter or monochromator was used as stimulat-

ing light source. In order to detect the eit-

Introduction ted light, a phocomultiplier was used in com-

bination with BG 3 and BG 37 filters (Schott

Glaswerke). The filters were necessary in
Europium activated barium halides, especially order to decouple the emission wave length
BaFBr:Eu are used as photostimulable x-ray from the stimulating wave length. The signals

phosphors in digital radiography. An impor- were letected on a digital oscilloscope. In

tant quantity for the resulting images is this way resulting photostimulated lumines-

tne stimulated output signal of the phosphor. cence together with the temporal response

In a recent paper [] it has been shown, that were recorded. The area under the decay cur-

the photostimulability of this phosphor is ve is proportional to the number of emitted
based on the existence of a trap - activator photons after stimulation. The same equipment

complex (Eu'
t
in vicinity of an F-center, see has been used for the measurement of the EuI

+

fig. I), concentration in the phosphor with a slight
During optical stimulation the electron is modifiration. The Ight of the flaSh lamp

transferred from the F-center to the Eul
+ 

by has been filtered so that only the wave length

tunneling. Optimizing the density of these of 310 n corresponding the wavelength of
complexes by experimental skill will result excitation of tu'+ was used. Here the
in a maximum sensitivity of the storage phos- resulting area under the decay curve is a

phor. It is the aim of this paper to show measure of the Eu'~content.

that the ratio of the mol numbers of the raw

materials BaF, and BaBr, plays a crucial role Results

for the formation of the Photo Stimulated cu-

minescence Complex (PSLC). The results show a clear evidence for a pre-

ferred mole ratio of m = 0,6. There the sti-
Experimental procedure and measurements mulated output signal is at a maximum with

BaFBr:Eu phosphors activated with u,05 - 1,0 the stimulation spectrum being shifted to a

mole percent Eu were made by firing intimate wave length of 600 nm which is almost opti-

mixtures of the raw materials BaF, and BaBr, mal for the use of a He-Ne laser beam. The

2HT (dried at 200 'C) in an H,/N, atmos- PSLC density is also maximal. This behaviour

phere at about 900 'C. The phosphors were is stable against coactivation of additional

washed, ground and refired at a slightly dopants leading to a more complex storage

lower temperature. The samples prepared con- phosphor system with higher sensitivity.

tained different mole ratios m of BaF,/BaBr, Again a specific value of m is responsible

ranging from 0,3 to 1,0. The powders were for a maximum density of the PSLC. The influ-

deposited in quartz pockets with thin walls ence of the mole ratio m of the raw male-

to allow x-ray irradiation as well as opti- rials on the stimulated signal can be under-

ca) studies. All measurements were carried stood when considering the amount ,of BaRr,

out with samples having an area of 2 cm' and -xceeaing the amount ('f ,I - as a flux aqent

a thickness of 0,5 mm. In order to investi- affecting the diffusion processes at the f i -

qAs



ring temperatures. Removing any excess BaBr2

by a washing procedure yields a phosphor

BaFBr:Eu with the final mol ratio [F]/[Br]

being close to one and showing optimal pho-

tostimulated luminescence.

cb. -*
E

h . 30 F-F*e

41, 1

Figure 1. Band model for PSL mechanisms in

BaFBr:Eu due to optical stimulation. On the

right is the F-center with its relaxed state,

on the left the level scheme of the divalent

Eu. h 4S and h Ve denote stimulating and emit-

ted photons respectively, -tl) denotes the es-

cape time of the excited F-center electron

into the conduction band, '4F the radiative

recombination of an electron from the relaxed

excited state into the excited ground state,

and Z'., the tunneling time to the trivalent

Eu , -E_, the lifetime of an electron in

the 4 fG 5d level of the divalent Eu. Sinu-

soidal arrows symbolize thermal nonradiative

transitions.
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Abstract No. 646

EFFECT OF GRINDING ON PHOTOSTIMUABLE durations, the particle size is in the range 5 to 20 i.

PHOSPHORS FOR X-RAY SCREENS The shape of these phosphors is generally irregular
plates. With constant ball milling at low pressure,

R. P. Rao the shape of these particles can be brought to regu-
Central Electrochemical Research Institute lar plates. Scanning Electron Microscopy (JEOL

Karaikudi-623006, India 35 CF) studies on these phosphors after 6h grinding
show that all the particles are similar in size and
regular in shape. The excitation and emission spectra

Luminescence efficiency of a phosphor can have been recorded with the help of fluorescent
be improved by minimising the energy losses during spectrophotometer (Hitachi 650-10s). The emission
excitation. The loss of excitation energy in the spectrum of these phosphors is shown in Fig.l.
case of powdered samples is mainly due to scatter- The spectrum shows a band ( A - 388 nm) with
ing of incident radiation by the particles of phosphor. a half width of 34 nm. The ball milling did not
Thus, while considering the industrial applications cause any appreciable change in the fluorescent
of polycrystalline phosphors in lamps, screens, paints, spectra. The variation of luminescent intensity
etc. the effect of particle size on the light output with milling time is shown in Fig.2. The luminescence
has to be specially studied. degradahin by grinding may be due to particle

size reduction which increases the iess-luminescentIt is very well established that the radiographic surface region. From the results obtained in thisimaging with photostimuable (PS) phosphors has investigation, it is concluded that the required parti-
many advantages over conventional photographic cle size and shape of poJycrystallne powders can
film screens. In the new type of computer radio- be obtained by iall ',iliimg aliout destroying the
graphy, PS phosphors are to be used as memory luminescent characteristics of the phosphor materialsmaterials for temporary storage of the x-ray image. (e.g. BaFCI:Eu) to be used in medical image screens
Eu(2.) doped barium fiuorohalide phosphors are for high resolution.
most suitable for this purpose. The spatial resolu-
tion from the image plate can be improved to a
certain extent with phosphors comprising fine parti-
cles. The fineness of the particles can be achieved
by various means such as grinding, fast cooling
after firing or incorporation of some flux materials
during Lie :iring proc.tse, UA. Ihe clf*Lie-C
of the phosphor deteriorates with grinding. Fast
cooling is a complicated prcess in the case of
Eu(2s) doped phosphors. Incorporation of flux mate-
rials may change the characteristics of phosphor
materials. In the present investigation, effect
of grinding (ball milling) on particle size distribution,
shape of the particles and luminescent properties
c' FaFCI phosphors have been studied.

A number of samples have been prepared by
firing suitable amounts of BaCl

2, BaF 2 and EuF
3

at 800-950
0

C for 1-3 hours to obtain Ba 0 .
9 9 Eu0. 0 1FC

phosphors. Reduction of Eu(3s) to Eu(2s) has been
done in the presence of CO instead of forming
gas (nitrogen with 2-10% of hydrogen). After firing,
the mass is subjected to grinding in a centrifugal
ball mill (Retsch Type SI) with 200 g agate balls
(2 Nos.) in an agate cup (500 cc) for different dura-
tions (10 to 360 mins). The grinding was carried
out in auto reverse mode at 20 rpm on each batch
of 5 g. Particle size distribution (PSD) of these
phosphors has been studied with the help of Malvern
EASY Particle Sizer M 3.0 after every grinding.
It is observed that the particle size varies from
10 to 100 p on initial grinding whereas at longer
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Abstralct No. 647

ELECTROPHORETIC PREPARATION OF Since the process requlres conductive

PHOSPHOR SCREENS substrates and the typical substrate is made

of qlass, a conductive coating must be

Esther Sluzky applied to It. Two types of coating' (thin

Hughes Aircraft Company films) have beers used: tin oxide (TO) or

Industrial Products Division indium tin oxide (ITO), and metallic films.

Carlsbad, California. Generally the transparent conductive film

and Kenneth Hesse, Consultant (TO and ITO) must be esed with caution since

under some conditions the oxides can be
The preparation of high resolution reduced to metallic tin and/or indium during

cathode ray tube monochrome screens requires electrolysis. In the case of thin metal

the use of very fine particle size phosphor. films, once the screen has been applied it is

For example, In this discussion the typical necessary to remove the metal fi'm to allow

fine grain phosphor has a particle size the luminescent image to exit the front side

distribution in the range of submicron to of the substrate for viewing.

approximately 4.0 ims, the aver-age being In
the neighborhood oy one-half to twoums. Various curves a11 1 be presented shoeing

depending upon the particular phosphor used. the behavior of the EP coating bath as cell

In preparing screens of these fine particles, as others displaying the attributes of the
the use of electrophoretic (EP) coating screens produced by this technique. Included

offers advantages over the usual methods of In these figures will be: rate of phosphor
screen preparation. Since the phosphor has deposition as a function of the electric
very fine particles, gravity settling is field, plating denjity versus plating time,
Inconvenient because of the very long the effect of temperature on the coating
settling times that are required. Increasing weight, and the Influence of phosphor

the settling speed by meens of centrifugal concentration in the bath on plating weight.
force can be done, howevor this method has Curves of tube performance mill compare such
not produced screens having the microscopic characteristics as brightness, resolution,
quality of EP coated screens. This quality and noise figures with those of settled
is important in high resolution CRTs since screens.
any Irregularities In the screen ran

introduce problems with both resolution and The data presented show that EP coating

visual noise in the displayed image. Other permits the fabrication of phosphor screens
advantages of EP screens are more precise that have the capability of very high
control of the screen density and uniformity, brightness and resolution, and very low

the formation of more densely packed screens, visual noise content. The EP coating process
a more efficient manufacturing process since itself is reproducible and lends itself to
a number of similar screens may he "plated" the manufacture of good quality screens.
at the same time, as cell as providing the
possibility of being able to coat unusual and BIBLIOGRAPHY

Irregular shapes. 1. F.F.Reuss, "Memories de Societe"

Imperiale des Naturalistes des Moskoc, 2, 327

Hughes became interested In the (180g).
fabrication of screens by FP coating In order 2. W.F.Pickard, "Remarks on the Theory
to Improve the high resolution, high of Electrophoretic Deposition" J.L.C.S., 115,
b lghtness characteristics of CRTs for No. 4,105C (1968).
advanced display application. Several 3. G.M.Bose, Phil. Trans. Roy. Soc., 43,

articles (7,8) conclude that screens prepared 419 (1745).
by EP coating cere capable of higher resolu- 4. N.F.CerulII, "Method of
tion, less noise, and either equal or only Electrophoretic Deposition of Luminescent

slightly less light output as compared to Materials & Product Resulting Therefrom"
settled screens. Of course, the opposite U.S.Patent 2,51,408 Sept.9, 1958.
opinions could also be found, viz., there was 5. Photoelectronic Image Devices. Proc.
no improvement In these qualities compared to 2nd Symp. Imperial College, London, Sept. 5-6

settled screens (9). Our work has (1961). Advances In Electronics. XVI 315-318

encompassed most of the phosphor families (1962).
including P1 zinc orthosillcate, Pi1 zinc 6. Development of Screens for High
sulfide, P43 gadolinium oxysulfide, P53 Resolution Display Devices. AL-TDR-64-94 May

yttrium aluminum garnet, and a special red 1964. Contract No. AF*33(657)-10632.
phosphor zinc cadmium sulfide. It has been 7. McGee, Airey, & Aslam, "High Quality

found that all can be coated by this method Phosphor Screen for Cascade Image
wIth minor modifications In processing to Intensifiers". Advances in Electron. &
take care of individual phosphor Electron Physics. 22A 571-561 (1966).
peculiarities. B. Grosso, Rutherford, & Sargert,

"Electrophoretlc Deposition of Luminescent
The method used by Hughes is a Materials" J.E.C.S. 117 No. 11, 1456 1459

modification of that described by McGee et al (1970).
(7). The charging Ion species however were 9. Prener & Swank, "Studies of X-ray
changed from a mixture of aluminum and Image Intensifier Output Screens', J.{ .C.S.
lanthanum to magnesium and lanthanum. This t25, No. 4, 583-587 (1978).

mixture of ions was found to produce screens
with Improved adhesion to the substrate as
compared to the previous mixture or to the
use of the Individual ions separately. In

addition the amount of water added to the
main suspension liquid, Isopropanol, has t)pen

optimized.



Abttict No. ,48

To? SidO multilayerd insulating films for ELD etching time . From Fig. I. we can her ta

Ti/i nomponlion ratio of this fIlm chasge.

Taiahiro Nakayama. Ken-chi Onisama, periodically. This perindnty o.old not he

Mriakli Fuyama. Masanobu Hanazono detected for films of dT' Sna clear ly Thin is

supposed to be limited by the resolution of SIMS

Hitachi Reseach Laboratory. Hitachi Ltd. Figure 2 shows X-ray diffraction (XRDi)

4026 Kuji-tyo. fitoohi-shi. patterns of TiO1.'SiO? multilayered films The

!barkl-ken, Japan. films were annealed for I hour at 550b, in vacuum

of 2'-lO 'a. The films of dtt lnm show

diffraction pattern of Ti
2 

enatase. and films of

dT'lOom are amorphous.

!i-rol.-iction Figure 3 shows the energy gap Eg obtained

ricic t h i n films huc i ng hoth t hr high from the light absorption edge measurement. Eg

in osiont and the high breakdown f i eI d of the annealed films of dT2nm is close to Eg of

s'reiii. are desirable for insulating layers of TiO, film- Is the fIlms of dTiinm, Eg becomes

riectroIuminescent devcles (ELD). However, larger as d
T 

becomes thinner.

e tcfits with the igh dielectric Figure 4 shows the product E_ f, ,ni, I,, toe

-ostant tends to have the low breakdown field dieleotric constant of a m therniative

stronyh To overcome this prohlem. application dielectric constant, F- the breakdown field

c2) strength) as a function of d, The productlof -oposlt, films have been studied. As each

laer of multilayer becomes thinner, the p. I,E, ahlch Is an index of the dielntcc

tilaper films is supposed to change from layer layers of OLD, is the mai mom surface charge

structure o Vompos ite like From this density. From Fig. 4, it is shown that F. , F_

nOmpolt relationship hetwen monolayer is changed by d
T  

and its peak is obtained around

"hiones and the dielectric proper ties mere dlIn.

,t-1led lsing TiO,/Si, multilayered films.

Coon lusi on

K.fe rim. taI The dielectrIc properties and nt run turns of

In Table I monolayer and total thichness of TiO/5iO1  multilayered films are enamined The

prepare.d samples are shomn. Tt aI f 1.dielectric properties of the t,lms depend on TO.

thickness was fixd to be about hiOOm. T o, monolayer tbickness dp , and peak of manimum

mlayrr t hicknessd, ..t a arie from 60-m to surface charge density . hEn, - obtained around

o -m 'It were ca liclated from deposition rates dt=inm

,lld sputterlng time, and the total thickores .a

m n i tn nit a urfae roughness tester At

f-r rilat on ip between dl electrl c properties R fe r - ,

c! p sit In ratio of TiC20, tic, was .amind

nnq T01I il), com.posite taIrgetsI T In10ie,) S. K. Tiku and -. C SmIth j Electron

l , ! was selected beasse the field , trength Mater. " (19041 73

AI n--d rai, dly ihen the fle Itlikoess ratio 21 K Nomura. H 0gwa and A Abe

wi- moie h-n I I Eiectrochem Sol l3 ( 197) 92

P'y rdory ion mass spri troni'ipy SIMS)

the T.1,Snm 1- ,l5nm mu]tilayerIed film

utaylni Figure 1 shows Ti SI i in.l

r, y r, are plt Ini as a fun -ln- f
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Abstract No. 649

BEAM PENETRATION PHOSPHORS FOR ADDING The luminance contribution from the red phosphor

reaches a maximum of 12kV and remains constant to
COLOUR CAPABILITY TO HUD CRTs 25kV. The maximum luminous efficiency of the red

phosphor in the composite particle varies from 2
D G Etherington J D Leyland lumens/watt for YVO

4
Eu to 4 lumens/watt for P56,

M Naqvi H Tanner the voltage which corresponds to maximum efficiency

M S Waite being in the range 10 to 12kV. The instrinsic

efficiencies of the red phosphors at a particle size

Rank Brimar Ltd. Middleton of lpm are low, 3 lumens/watt for YVO
4
:EU and 6

Manchester M14 ISN England lumens/watt for P56, and empirically it has been

found that the luminous efficiency of the red
1. INTRODUCTION phosphor in the phosphor screen is 2/3 of the

intrinsic efficiency of that phosphor, both for

Voltage dependent phosphor screens offer a potential YV
4
:Eu and P5k.

solution to the problem of adding colour capability
to Head-Up Display CRTs which presently operate with The chromaticity range is greatest with the Pl-

P1, P43 or P53 phosphor. Three examples of beam vanadate system and least with P53/P5h - Table 2,

penetration phosphor, of the "onionskin" tvpe, have but the established higher efficiencies of the

been investigated for this application. They each latter phosphors under high current density suggest

consist of a green or yellow-green emitting core that the P53/P56 phosphor would be preferred in a

phosphor, surrounded by a non-luminescent barrier practical 2 colour HUD CRT. The Pr doped oxy-

layer and an outer layer of red emitting, fine grain sulphide is a potential alternative to P1 with

phosphor. The systems investigated were: reduced persistence, but the efficiencies indicated

Pl-YV0 4
:Eu, Gd

2
02S:Pr-YVO 4

:Eu, and P53-P56, each in Fig 4 are lower than those found with other

with an intermediate SiO 2 
barrier layer. phosphors.

4. PRACTICAL DEMONSTRATION OF 2 COLOOR HOD

2. PHOSPHOR PREPARATION CAPABILITY

Barrier layer deposition A representative HUD tube was processed with the

The formation of the silica barrier layer is achieved P53/P56 composite phosphor and gave luminances and

by the reaction of silane, SiH 4
, with oxygen in a resolution over the range 12.SkV(red) to 25kV

fluidised bed reactor containing the core phosphor. (yellow-green) indicated in Figs ha; to d).

The growth of the SiO
2 
barrier is followed by In cursive mode (line writiug) luminances in excess

measurement of the effective barrier voltage and of 4,500cdm
2 

and 40,O00cdm
-
' are readily obtained

depends upon the concentration and flow rate of with moderate beam currents at the two switching

silane, the phosphor particle size and the reactor voltages of 12.5 and 25kV.

temperature. For a reactor temperature of 480'C the
SiH

4 
and 02 mass flow rates are controlled to give REFERENCES

an effective barrier growth rate of approx. 0.dkV/hr.
However, coincidentally with the growth of the 1. 2.E. Clark; C.T. lurilla, J.Electrochem.

barrier, an aggregation of particles occurs in the Sc. 129 , 1540 (19H2).

fluidised bed, resulting in an approximate doubling ACKNOWHLRGENENTS
of the volume of individual phosphor grains during

the fornation of a LOkV barrier. This phosphor The authors wish to acknowledge the support of M.O.D

aggregation can be seen in Fig 1 and is a factor for this project and, in particular, the advice and
which may limit the resolution of the resultant encouragement of Dr A Hughes (RSRE-Malvern) and

phosphor screens. Under high magnification (Fig 2), Dr J R Banbury (RAE-Farnborough), and are grateful
the silica is seen to be granular. for permission to publish these preliminary results.

Red phosphor deposition We are also grateful to the Technical Staff at Rank
d htBrimar for their assistance, in particular

The red phosphor is applied from a suspension of fine M D Lawton, S Walker and J Nearv.
grain red phosphor (median particle size lwm) by the This work has been carried out with the support of the

Sgce Procurement Executive. Ministry of Defence.
standard gelatin processI). Although the process TABLE I PARTICLE SIZE OF "ONIONSKIN" PHOSPHORS

is carried out several times to maximise surface
coverage by the red phosphor, the resultant coverage CORE CORE & RED COATED
is only partial. SERIES PHOSPHORS SIZE BARRIER FINAL PHOSPHOR

The screening of these composite phosphors can be 515 P1 + vanadate 9.0 21 23 um

carried out by conventional settling methods, despite 519 Pl + vanadate 12.6 22 25 Pm

the increase in particle size. Typical particle 523 CdOS:Pr + " 7.0 14 16 Pm
sizes, as ditermined by the Coulter method are given 524 P53 + P56 11 21 24 um

in Table 1.

TABLE 2 CHROMATICITIES AS FUNCTION OF VOLTAGE
3. PROPERTIES OF THE "ONIONSKIN" PHOSPHORS PHOSPHOR FINAL ANODE VOLTAGE (hi)

Efficiency and Chromaticity 8 12 lh 20 24

Brightness/voltage relationships at a current density P1/vanadate x = 0.669 0.630 0.487 0.376
of isA/cm' on aluminised phosphor screens were deter- (10519/R) y - 0.326 0.359 0..83 0.178

mined over the range 5 to 25kV (Figs I-S). Calibrated Cd0O2S:Pr x 0.655 0.588 0.483 0.414 0.356
f i!ers enable the individual core and red phosphor vanadate

cmposents of the luminance to be determined. (10523/R) y - 0.334 0.377 0.443 0.488 0.524

It can be seen that the increase with voltage of the P53/P56 x : 0.613 0.587 0.516 0.457 0.423

luminance from the core phosphor is effectively (10524/R) y * 0.374 0.390 0.434 0.470 0.492
linear over the range 16 tn 25kV. At 25kV the
r(latiue efficiency from the core phosphor is 25-102'1

of the oriunal phosphor.
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Abstract No. 650

The Formation Process of Y202S: Eu 
3
, a Red Phosphor References:

1. D.W. Ormond, E. Banks, J. Electrochem. Soc., 122(
C. I. Jeon, Q. W. Choi, and C. H. Kim 1975), 152.

2. M.R.Royce, U.S.Pat. 3423621(1969).
Inorganic Chemistry Laboratory 3. M.R.Royce, S.M.Thomsen, P.N.Yocom, U.S.Pat. 3502590

Korea Advanced Institute of Science and Technology (1970).
P.O.Box 131 Cheongryang

Seoul, Korea

and

S. 1. Mho

Department of Chemistry
Ajou University
Suwon, Korea

Yttrium oxysulfide doped with europium is an excel-
lent red phosphor for color TV screen. The reaction of
Y203 with sulfu to form a host lattice Y202S and the
diffusion of Eu 

+ 
ion into the Y2 02S lattice for this

phosphor were studied. The red phosphor, Y202S:3% Eu
3+ ,

was prepared by solid reaction of Y203, dopant Eu203, S,
and NaOH mixture. The formation reaction of the phos-
phor can be illustrated by the following steps:

Y203 + S - Y202
S 

+ 1/2 02

Eu3+ (3%) + Y202S - Y202S:3% Eu
3+

The reaction may be occurred at the surface of
Y203 particles for the first step. The formation rate
of Y202S is determined both by the reaction rate of
Y203 and S at the surface and by the diffusion rate of
sulfur to the reacted Y2025 layer. Because of the diff-
erence in densities of Y203 and Y202S, the formed Y202S
is removed from the su-face and the fresh surface of
Y203 particles can co icet with sulfur during the reec-
tion. The size and s ace morphology of the crystall-
ite were examined with a scanning eletron microscope.
The Y203 particle, whose size is about 5 um, is being

cracked into smaller size in the process of reaction
with sulfur, which is illustrated in Fig. 1. Therefore,
the chemical reaction rate of sulfur and Y203 is direc-
tly related to the formation rate of Y202S. In order to
determine the reaction rate, X-ray diffraction(XRD) sne-
ctra were obtained for the products made in a series of
reaction temperature and reaction times. XRO spectra
show peaks representing of Y202

S 
and of unreacted Y203

when the reaction temperature is low, and show peaks
only of Y202

S 
when the temperature is higher than 8000C

in half an hour o( reaction time(Fig. 2).
Activator Eu + can be diffused into both Y203 and

Y202
S
. The excitation bands (f-d charge transfer band)

show maxiium at different wavelengths; Eu
3+ 

in Y203 at
262nm, Eu + in Y202S at 350nm. The fluorescence inten-
sity of Eu

3+ 
in Y202

S 
is monitored for the products made

at a series of reaction temperature and reaction times(
Fig. 3). As the reaction temperature increases, the fl-
uorescence intensity is increased. The fluorescence in-
tensity is increased as the reaction time increases even
at high temperature of i000°C, while the host lattice
Y202S are formed in half an hour at O0°

0
C. The activa-

tion energy for the diffusion of Eu 
+ 
ion into Y202S

was calculated. The activation energy of 2OKcal/mol is
obtained by linear regression method from the plot of
ln[ln(1/(1-Y))] vs. I/T, where Y being the fraction of
doping. The fraction of doping is calculated from the
ralative fluorescence intensity of the product to the
maximum fluorescence intensity.

In conclusion, the formation rate of Y202S is det-
ermined by the chemical reaction rate of Y203 with S at
the surface of Y203 particles, The chemical reaction
Of Y23 with S proceeds rapidly, and the diffusion rate

of . into Y202S is slower. The activation energy of
Eu

3  
diffusion into Y202S is calculated to be 20Kcal/mol.

1i4



(a) b

Fig. 1. Scanning electron microphotographs of Y 0 3(a) and Y 20 2S(b).

60

C

En b 20
d :A io

30 Z34 0 ~ ~ 234 1 " 1
20 reaction time t

Fig. 2. X-ray diffraction pattern of reaction products, Fig. 3. Rel atiane fluorescence intensity us.

Reactants;Y 2 03 :NaOH:S =1:12(my wt.), reaction time and teniperature of Y 202 S:Eu.

reaction time ;30 min., reaction temperature; Encitation wawlengti:350 nn, emission

A;5000C, B;7000C. C;800'C. wavelength;630 m
Peak a,rf 2 03 ' Peak b~d;Y 2 02 S.
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Abstract No. 651

COLLOID CHEMISTRY OF FLUORESCENT PHOSPHORS The surfaces of some phosphors were also
studied by XPS and FTIR spectroscopy.P. K. Whitman

GE Lighting, Nela Park, Cleveland, Ohio 44040 RESULTS V DISCUSSION
M. E. Labib, G. H. Thomas, III

David Sarnoff Research Center, CN 5300, Table I summarizes the isoelectric point (pH
Princeton, New Jersey 08543 at which the particle has no net surface

potential) and point of zero charge (pH at
INTRODUCTION which the particle has no net surface charge)

for each of the various phosphors as
In this paper we present a survey of surface determined by acid-base titration in
chemistry techniques applied to fluorescent electrokinetic and surface titrations
phosphors in aqueous systems. The surface and experiments, respectively. A description of
colloid chemistry of fluorescent lamp the acid or base strength of the phosphors is
phosphors determines the processing and also shown in the table. The particles are
quality of lamps. Factors such as appearance negatively charged at pH above the
and uniformity of coatings are influenced by isoelectric point and are positively charged
the surface properties of the phosphors. below this pH.
Knowledge of the detailed surface chemistry
can lead to the control of flocculation of The surface of calcium halophosphate behaves
particles in coating suspensions and to as a strong acid with an isoelectric point of
improved adhesion of coatings. We have 2.3. This is in contrast with the surface of
studied the surface chemistry of several the strontium chlorapatite surface which is
important phosphors using electrokinetic, basic -- isoelectric point 10.5. This
surface titration and surface spectroscopic difference can be attributed to calcium
techniques. versus strontium and to fluoride versus

chloride in the apatite structures of the two
MATERIALS ANDMTHODS materials. Yttrium oxide, CAT, and BAM

surfaces are all basic in character. This is
The phosphor materials tested in this study expected from the chemistry of Y203 and
were prepared as they would be used in aluminates. Our results are consistent with
typical applications; no special pre- published results for undoped analogues of
treatments were attempted to remove these materials (1).
environmental contamination.

We have also investigated the surface of
The electrokinetic properties of the yttrium oxide phosphor in detail with XPS and
phosphors were studied by measuring the FTIR spectroscopies. We could resolve the
electrophoretic mobility of 10 wt% aqueous O(ls) spectrum into two components -- oxide
slurries using PenKem System-7000- and hydroxide. FTIR investigation showed the
Acoustophoretic equipment. This technique tendency of this phosphor to form surface
is similar, in principle, to sedimentation carbonates.
potential. The results were verified by
independent measurements using conventional From these results, we can predict that
dilute suspension microelectrophoresis. certain phosphor blends will tend to co-

flocculate when the solution pH is
Surface titrations are based on conventional intermediate between the isoelectric points
potentiometric titration methodology. Aqueous of the individual components, but these same
phosphor slurries of several different ionic blends may be electrostatically stabilized at
concentrations are titrated for each high or low pH. Hence, the surface and
material. By calculating the amount of acid colloid chemistry of fluorescent phosphors
or base consumed by the particles, the can play an important role in the processing
surface charge can be determined. The and quality of lamps.
isoelectric point and dissociation constants
of the surface species can be inferred from I. prks, G.. ch... tv. 6:177 - 198 (1965).
the results.

TABLE I

SURFACE CHEMISTRY OF PHOSPHORS IN WATER

CHEMICAL ISOELECTRIC POINT OF
PHOSPHOR FORMULA POINT ZERO CHARGE COMMENTS

CA HALOPHOSPHATE Col0P6 024(F,CI):Sb,Mn 2.3 -- STRONG ACID
YEO Y2 03 :Eu 9.8 8 - 10 STRONG BASE
LA PHOSPHATE LaPO4:7b.Ce 7.2 6.5 - 8 NEUTRAL

CAT (Ce,Tb)MgAII1 Og:Ce,Tb 9.8 -- STRONG BASE
SECA Sr(PO 4)3:Eu 10.5 9 - 10.5 STRONG BASE
BAM BoMg 2AI16O27 :Eu 10.5 -- STRONG BASE
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Abstract No. 652

OPTICAL TASTE SENSOR WITH FLUOROPHOR- Results and Discussion
EIVIBEDWED LANGvIR-BLODGETT FILM The maximum exci at un peaks of the

pyrenebutyrate/stearate LB film approached at
Masuo Aizawa, Mieko Matsuzawa, 325 and 342 nm and the emission peaks were

and Hiroaki Shinohara observed at 376 and 395 nm. Those of the
Department of Bioengineering, perylene/arachidate LB film were 412 and 430
Tokyo Institute of Technology nm for excitation along with 470 nm for

O-okayama, Meguro-ku, Tokyo 152, Japan emission. The fluorescence intensity varied
depending on the surface pressure in film

Introduction preparations, and decreased by 30 % when it
Increasing attention has been paid to was immersed in an aqueous solution.

the application of the Langmuir-Blogett (LB) Fluorescence of these LB films quenched
film technique to the formation of organized in responding to sodium glutamate and guanyl
molecular membranes. An attempt to utilize phosphate (GMP), when each of these taste
LB films for sensing devices is one of the molecules is solely present in a solution.
most exciting and promising applications. In contrast, however, fluorescence peaks at
Baker et al. reported that an LB film gas were sharply enhanced due to coexistence of
sensor exhibited a rapid response to a sodium glutamate and guanyl phosphate as
specific gas. Sriyudthslk and Morizumi im- shown in Fig.2.
mobilized enzyme molecules in an LB film to
construct an enzyme field effect tra',risior.
These researcher have been developing elec-
tive chemical sensors for a single component
in either gas or solution. In contrast, we Ly
have attempted to develop an optical chemical L'  I
sensor using an LB film for simultaneous I
recognition of many components in solution.
The sensing principle is based on the dynamic -- -- ,_
quenching of various fluorophores embedded in g

an LB film.
Taste and olfactory cells simultaneously A

accept multimolecular information, which is
followed by recognition of small and taste 
through sophisticated information processing
in the neuronetwork. There are two approach I
in realizing a chemical sensor modeled on the. .......

taste and olfactory cells. One approach is 4
to integrate many selective sensor elements
for multimolecular infornation. The other A
approach is to integrate eon-selective sensor n
elements. Both types of sensors require in- f
formation processing for simultaneous recog- -W
nition of multicomponents. In this,
investigation, non-selective sensor elements
have been investigated onto a single device
to simulate the function of taste sensory Fig. I Concept of an optical chemical sensor
system. for simultaneous recognition of multicomponekt.

The concept of the taste sensor is
schematically illustrated in Fig. I. The
sensor consists of an optically transparent
substrate and several layers of Langmuir- 12
Blogett (LB) films, each layer containing
different fluorophores. Fluorescence of an
LB film may be quenched or enhanced when the ,G Itu E.. 

4
1
2
m

film comes to contact with molecules of u
taste. Since each fluorophor fluoresces at a
different characteristic wavelength, the
responses of the films can be differentiated.
Anthracene, perylene, and pyrene were used as 6 I

fluorophors for the taste sensor.

Experimental
A non-fluorescent quartz glass plate was Ex. 342m

employed as a substrate for the LB film. The
plate was cleaned and silanized to make the
surface hydrophobic. A benzene solution con-
taIning 9,12-anthroyloxy stearate and
stearate was spread on the surface of a 0.25 0
n

1 
CdCI2  aqueous solution in a through (Kyowa 360 390 410 440 410

Kaimen Kagaku Co. Ltd.). Bilayers of
stearate/anthroyloxy stearate were deposited W..nlensuh/
on the silanized plate under a contact sur-
face pressure. In a similar manner, LB films
containing I-pyrenebutyric acid and perylene Fig. 2 Fluorescence response of a LB film
were deposited on the sllanized quarts glass containing pyrenehutyrate and perylene to
plate. The light beam Impinged on the LB guanylic acid and glutamic acid.
film at the incident angle which would best
induce excitation of the embedded fluorophor.
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Abstract No. 653
The thermal drift in the pre. sure ren!ponre
is less than 0,1%/OC for the temperature

FIBEROPTIC PRESSURE TRANSDUCERS FOR MEDICAL region 200 to 45
0
C. Thermal zero-point

APPLICATIONS. drift is less than 0,5 mmHg/OC and
approaches 0,1 mm Hg/OC in the best

Thor-Erik Hansen transducers. In animal experiments the
zero-point long-term drift when measuring

ame, a.s micro electronics in blood was found to be less than 0,5 mmHg
per hour (determined by using a hydrauli-

Knutsrodeveen 7, N-3191 Horren, Norway cally coupled catheter-transducer system in
parallel as referance). Potential frequency
response is 20 kHz.

1. Introduction. Transdusers have been tested at 10000 volts
between the measurement tip and the

A series of fiberoptic sensors that have connectors at the two legs. A leakage
been develloped at the Central Institute in current of typically 3 uA originated in
Oslo, and ame in Horten, Norway. The work catheters incorporating a steel wire braid
was first directed towards electro- in the wall for torque control and manoeuv-
technical aplications where noise immunity rability. The transducers can take strong
and galvanic insulation are important. (1). bending and can be tied into knots with a
The work in medical pressure 'ransducers 3 cm diameter without breakage. During
is motivated from the need to solve the operation this may give a zero-point sniLU

serious packaging problems confronting of typically 0,3 mmHg. This represents a
electric micro-tip pressure transducers. As 0,03% perturbation of the light flux in the
the body liquids represent a very hostite fiber bundle.
environment to pressure sensitive
semiconductor elements. 5. clinical tests and applications.

The first application was for intra-
2. Theory of operation, vascular cardiological examinations where
The fiberoptic transducer configuration is the transducers has been tested
shown in fig 1. The two legs of a biftr- successfully in right hand side catheri-
cated fiber bundle are connected to a LED zations. Another important application is
and a photodetector, respectively. A measu- urodynamic examinations which is shown in
ring tip with a thin metall membrane is fig. 4 (3). Applications also includes a
mounted at the commen end where the fibers Probe tor measurement in the stomach and
from the two legs are randomly mixed. the duodenum and a monitor for uterine
Coupling of light from the LED into the leg Pressure during labour.
connected to the photodetector varies with
the deletion of the membrane. in our 6. Conclusions.
transducers with an incident optical power A fiberoptic medical pressure transducer
of lOOnW at the detector and a membrane has been realized. The performance compare
distance of 30 um, the theoretical reso- very favourably with commercial available
lution is about 0,5 nm for a bandwidth of micro-tip transducers and other fiberoptic
100 Hz (2). transducers. The devellopment have resulted

in a commercial fiberoptic medical pressure3. Fabrication of the transducer, transducer.
The fiber diameter is about 50 um and the
acceptance angle is 600. The bundles are
cut in convenient lengths and split, and
the resulting bifurcated bundles are then
fitted into suitable medical catheters. The References.
distribution at the common end is 1.
approximately random. Fiberoptic connectors R.R.Nyberg, K.Herstad, P.Bjrlov-Larsen and
are mounted at the two legs. Finally, the T.E.Hansen, Measuring electric field by
measurement tip is mounted. The membrane is using pressure sensitive elements, IEEE
10 um thick and the diameter is about 1.6 Trans. Elec. Ins., EI-14 (1979) 250-255.
mm. The material is stainless steel, and
lectron beam or laser welding techniques 2.

are used in the production process. An air T.E.Hansen, A fiberoptic micro-tip pressure
channel connects the space behind the transducer for medical applications,
membrdne through the catheter to the atmos- Sensors and Actuators, 4 (1983) 545-554.
phere. Transducers are made in 6, 7 or BF
catheters (outer diameter ranging from 2.0 3.
to 2.6 mm). The total lenght, including tile B.Kvarstein, O.Aase, T.E.Hansen andlts, is 185 or 250 cm. A Fiber-Tip tr ins P.Dobloug, A new method with fiber-optic

ducer built in a 7F catheter is shown in transducers used for simultaneous recording
ig. 2 (a) and a detail of the m,!aisuremenrt of intravesical and urethr l pressure

tip is shown in fig. 2 (b). during physiological filling and voiding
Phase, J. Urology, 130 (1983) 504-506.

4. Results. (Also at International Continence Society,
The medlical transducers are intended for 12th Annual Meeting, Leiden, September,
the physiological measurement rdnge from - 1982.)
100 to 300 mmHg. Permitted overload is 3000
mmHg and the hysteresis is better than 1%.
This is shown in fig. 3.
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Fig. 3 Signal from sensor interface as
function of pressure at thu meauLemetit
tip. The figure demonstrates the linear
region and the overloadd capacity of the
transducer.

(a)

(b)Fig. 4 Registration of bladdtr urethra and

rectal pressures during filling and

voiding.

Fig. 2 a)Fiberoptic microti pressure
transducer built in 7F catheter. Outer
diameter 2,S mm, length 185 dli. (b) Detail
of measurement tip. The aCtiv(e diameter of
membrane is about 1,6 mm and the, thickness
is 10 um. The material Is ntainless steel.



r

Abstract No. 654

Fiber Optic Fluoroimmunosensor: Determination silane and glutaraldehyde 161.

of the Sensitivity and Dynamic Range RESULTS AND DISCUSSION

D.E. Yoshida, D.A. Christensen, J.D. Andrade, The specific binding of 4RITC anti-N IgOThe speifi bidig chert nt-HIg
and N.M. Reichert' to H-IgG immobilized on the sensor surface as

Departments of Electrical Engineering and a function of concentration is shown in Figure
Bioengineering, University of Utah 3. A plateau of the signal near 0.5mg/mL of

Salt Lake City, Utah 84112 MRITC anti-H IgG indicates the sensor surface
'Department of Biomedical Engineering,Duke University, Durham, N.C. was close to saturation. The lower limit was

0.01mg/mL of labeled anti-H IgG.

INTRODUCTION The specific binding of MRITC H-IgG to anti-
H IgG covalently immobilized on the sensor
surface was found to saturate at 0.001 mg/mL,

TI.w o been consierable iuocrear in the which was also the lower limit due to the
(s'.c!op:ent of fiber optic fluoroimmunosensorsseors enivtyige4)Th sufc

for medical diagnostics[l,2,3. These sensors sensor's sensitivity(Figure 4). The surface

have the potential of not requiring a complex concentration of antl-H IgG was determined to

clinical laboratory. Other advantages of be l.4xl0
-
1 moles/cm

2 
using radioimmunoassay-

optical fibers include remote, small size, This indicates only about 4% of the active

immunity to electromagnetic interference, lack sites on the anti-H IgG are available for H-

of electrical connections in the sensing area, IgG to bind with. In other words, many of the

and relatively low cost. active sites are blocked when the anti-H IgG

Evanescent fiber optic sensors are based on are covalently immobilized on the sensor,

the principle of total internal reflection allowing the surface to saturate at low
(TIR), which occurs when light originating in concentrations.

a higher refractive medium hits the inteuface COIILU5IO11n
of a lower refractive medium. During TIR, an
evanescent wave is generated at the interface The H-IgG has many epitopes to which the
which exponentially decays into the lower anti-H IgG can bind, thus increasing the
refractive medium with a depth of penetration surface concentration of binding sites as
of approximately a third of a wavelength, compared to when the anti-H IgG is

In one application of the fiber optic immobilized. This would account for the
immunosensor, the evanescent wave penetrates greater dynamic range with H-IgG immobilized
into a layer of antibodies fAbs) immobilized on the sensor.
at the fiber core (Figure 1). Fluorescently The minimum detectable concentration with
labeled antigens (Ags) in the bulk solution H-IgG immobilized on the sensor is greater
bind to the Abs, and are excited by the than that detected ,ith anti-H IgO. This is
evanescent wave. The excited fluorescence at attributed to the binding c nstant being an
or near the surface couples back into the order of magnitude lower for H-IgG than for
fiber by reciprocity, and propagates as bound anti-H IgG immobilized on the sensor[6(.
modes to the detector[4). The evanescent Further studies must be undertaken on the
excitation and back coupling mechanism gives surface chemistry and optics to increase the
rise to surface sensitivity by minimizing the dynamic range and sensitivity of the senso;.
collection of bulk fluorescence; this also
eliminates the need to physically remove the A D
labeled Ags from the sensor environment.

In order for a fiber optic immunosensor to Funding for this project was provided by a
be practical, the sensitivity and dynamic seed grant from the Center for Sensor
range of the sensor must be comparable with Technology. The authors would like to thank
existing techniques, such as radioimmunoassay J. Ives, J.N. tin, J. Herron, V. Hlady, and P.
and enzyme immunoassay. The sensitivity of Suci for technical assistance.
the sensor is determined by the affinity of
the Ab for the Ag. If the Ab has a high
binding constant, a lower concentration of Ab
can be detected due to the strong attraction 1. W. Love and R. Slovacek, paper presented
of Abs for the Ags. In addition, the at OFS '86, Tokyo, Japan, Oct. 1986.
sensitivity is also governed by the sensor's 2. R. Sutherland, C. Dahne, J. Place, and A.
lower fluorescencp detection limit. Ringrose, Clin. Chem., vol. 30, p. 1533,

The dynamic range of the sensor is limited 1984.
by the surface concentration on the sensor. 3. T. Hirschfeld, U.S. Pat. No. 4,147,546
As the surface concentration decreases, a (1984).
lower concentration is required to saturate 4. C. Carniglia, L. Mandel, and K. Prexhage,
the sensor, which reduces the upper detection J. Opt. Soc. Am., vol. 62, p. 479, 1972.
limit. 5. D. Yoshida, J. Ives,W. Reichert, D.

EXPFRIMENTAL METHODS Christensen, and J. Andrade, Proc. SPIE,
vol. 904, p. 57, 1988.

A schemt,.ic or the optical system is shown 6. J.N. Lin, 3. Herron, J. Andrade, and M.
in Figure 2; and the experimental procedure Brizgys, IEEE Trans. Bio. Eng., in press.
were previously described elsewhere(5). The
midsection of a 600pm optical fiber (Quartz
Products) is used as the sensor.

Two experiments were performed where:
1) human imaunogobulinG(H-IgG) were covalently
immobilized on the sensor to detect tetra-
methylrhodamine conjugated anti-H IgG (MRITC
anti-H IgG, Sigma Chemicals) and
2) an-i

-
' Ig' were covalently immobilized on

the sensor to detect MRITC H-IgG (Jackson
fmmunoresearch). The labeled anti-H IgG and H-
IgG were prepared in phosphate buffered saline
(PB., pH=7.

4
) . The unlabeled H-IgG and anti-H

Igi (Cafpel Laboratories) were immobilized to
the sensor surface by 3-aminopropyltriethoxy
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Figure 3. Fluorescent signal above
Figure o. Illustration of evanescent background fluorescence for the specificecitation of theraiuofean eed binding of MRITC anti-H IgG to H-IgGecttooftefluorescently labeled covalently bound to the sensor. Theantigens bound to the antibodies
immobilized on the sensor surface, signal begins to saturate at

approximately 0.5 mg/mL of labeled
anti-H IgG.

C 3000

ceilountte

. .. rU 2000

o- l 0

0)

Figure 2. Schematic of the experimental 0.000 0.001 0.002 0.003 0,004 0.005
Optical system. MRITC H-IgG, mg/mL

Figure 4. Fluorescent signal above
background for the specific binding ofMRITC H-IgG to anti-H IgG covalently
immobilized to the sensor surface.
The sensor's lower detection limit
and saturation concentration occur at
0 001 mg/mL of labeled H-IgG.
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Abstract No. 655
SENSORS FOR DETERMINING THE COMPOSITION The solution in the sump of the vessel is heated to

OF form absorbent and water vapor. A recirculating pomp

FALLING LIQUID FILMS* transfers the absorbent from the sump to the drip tube
located above the heat exchange tubes Water vapor is

D. I. Bostick,a L. N. Klatt
a 

and H. Perez-Blancob absorbed by the thin liquid film as drops of absorbent
Analytical Chemistrya and Energy Divisionb fall from the drip tube and contact the heat exchange

Oak Ridge National Laboratory surfaces. This process of drop formation, detachment,
P.O. Box 2008 and liquid film formation is repeated on each heat

Oak Ridge. TN 37381-6142 exchange tube. The dilute absorbent returns to the
sump of the vessel. The heat of absorption and

Approximately 21% of the total US energy dilution is transferred to the cooling water flowing
consumption is for the heating and cooling of through the heat exchange tubes. Data acquisition and
buildings. It is estimated that about 60% of the gas analysis are conducted with a personal computer.
and oil used for these functions could be saved by
using advanced absorption heat pump systems. Advanced RESULTS
multi-effect absorption cycles with heating and
cooling coefficients of performance of about two have Figure 2 is a plot of the time dependence of the
been identified and laboratory prototypes are being vessel pressure and the Lifr concentration on the
tested, second heat exchange tube for a typical experiment

The mean percent [w/w] LiBr measured on the four heat
The absorption refrigeration system is a heat exchvngc tubes are 49.1, 48.0, 47.5 and 47.9% with

driven cycle: the operation of single-effect systems standard deviations of 0.5, 0.4, 0.5 and 0.61,
are described in the literature.

1  
Multi-effect cycles respectively. Based upon sensor calibration data, the

are single-effect cycles cascaded together to provide standard deviation of the refractive index measurement
larger heat amplification, is 0.0004 R.I. units, which corresponds to about 0 1'

[w/w] LiBr. Except for heat exchange tube number
In designing absorption heat pump systems one finds four, a continuous dilution of the absorbent is

that the absorber is the heat exchanger that observed as it flows from one heat exchange tube to
determines the thermal efficiency and capacity of the the next. Heat recovery is typically 90%.
total system and, hence, directly affects the
operating economics. Two basic problems are The large transients are caused by the uneven
encountered. These are the failure of the absorber to boiling of the solution in the sump. The sudden
reach the predicted equilibrium conditions and the low increase in pressure increases the rate of the
heat transfer coefficient at the vapor-absorbent absorption process. The coherence between the
interface, pressure and concentration fluctuations is observed on

all four heat exchange tubes. Cross correlations of
Fiber optic sensors capable of measuring the real pressure with concentration and pressure with

time in-situ absorber concentration in the liquid temperature show that both tempecature and
films on the absorber heat exchange surfaces are being concentration lag the pressure, with temperature
developed. Preliminary studies with the LiBr-H 20 lagging behind the concentration.
fluid have been completed.

An absorption additive, 2-ethyl-l-hexanol is added
EXEINTAL to commercial LiBr-H 20 chiller systems to improve

their thermal efficiency and capacity. It is thought
The sensors are prepared by removing about a 4 cm that the additive enhances the mass transfer of water

section of the fluoropolymer buffer and polymeric vapor across the vapor-liquid interface, however, the
cladding from a step index silica core fiber optic actual mechanism of its action is unknown 2.3
(Model HC-612-T, Ensi&n !%ikfnrd Optics Co., Avon, CT Experiments designed to measure this enharced mass
06001). The exposed core is straiht. Ar the eyposed transfer were conducted. Results from these
core the LiBr solution serves as the low index medium, experiments did not show an increase in the absorption
According to Fresnel's Law of Reflection, the fraction process. Absorption experiments 4ith related
of intensity refracted into the lower index medium compounds also failed to show enhanced absorption
Increases as the refractive index of the LIBr solution
approaches that of silica, This loss of intensity is Adapting the sensor to other absorbent refrigerant
observed as a decrease in the light transmission pairs requires modification of the sensor geometry to
efficiency of the fiber. This transmission efficiency provide sufficient sensitivity at different refractiv
is related to the concentration of the LiBr solution index ranges. Work on a fiber optic sensor

4 
suitable

and forms the basis for the sensor, for use with the NH3 -H20 fluid is in progress The
refractive index range for the NH3-H20 fluid is I 3.

A schematic drawing of the absorption test to 1.37.
apparatus is shown in Figure 1. The vessel is
constructed from stainless steel. Four fiber optic 1. ASHRAE Handbook 1985 Ftdametra!n. American
sensors are attached to four heat exchange tubes with Society of Heating, Refrigerating and Air Conditioning
custom designed clips. The fiber core is located Engineers, Inc.: Atlanta, CA. 1985, Chapter I
about 0.6 mm from the tube surface. The l fTh face
of each fiber optic is illuminated with i light- 2. T. Kashiwagi, Y, Kurosaki and H Shishido. \zpp-.-
emitting diode (LED). Custom fabricated bushings that Kikal Gakkai Ronbonshu, 8-hen 1984. 51(463). 10029
allow full illumination of the fiber's acceptance cone
are used to couple the fiber optics to the LEDs 3. W. J. Biermann, personal communication, 198.,
Reflected light emerging from the rear of each LED is
monitored with a silicon diode to provide a 4, T. L. Bergman. F. P. Incropera and W H Stevenson.
normalization signal: light emerging from the exit end Rev. S¢. Instrum. 1985, 56, 291-6
of the fiber optic is monitored with a second silicon
diode. A thermocouple junction, that measures the Research sponsored by the Office of Building &
liquid temperature, is located adjacent to each fiber Community Systems, USDOE, under contract Pf-AC(t1

optic sensor, 840R21400 with Martin Marietta Energy Sostems. Inc
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Figure I Schematic drawing of the absorption test

apparatus.
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Abstract No. 656

Optical Position Finding with CCD-Camera's. Effective range and resolution of a two-camera
system.

P.P.L. Regtien With two cameras, the range and the resolution of

B.L. Verbraak the position finding system can be improved

Delft University of Technology simultaneously. In that case only the column

Department of Electrical Engineering information of the CCD-chip is required.

Laboratory of Electronic Instrumentation The colums are projected on the ground plane as

Mekelweg 4. 2628 CD Delft, The Netherlands. lines that convert towards the camera Both cameras
are mounted at a fixed height h. a distance 2a

Introduction. apart of each other, and both with an angle of

This paper describes a method for the localisatia on equa to .Th -PCal xs of he

of moving objects (robots or vehicles) in a cameras make an angle 6. Further, the optical axes

restricted area, using a CCD-camera. In particular, are directed towards the same field, resulting in a

a method for improvement of the resolution as well kite-shaped effective area (Fig. 3) The images of

as the range, by adding a second camera, is the colums form a pattern of crossing lines which

introduced. It is shown how an optimal system allows the reconstruction of the -i- of

design can be made given the shape and size of the light spot within the kite-shaped area

practical area. The quality of this position finding snirte- is

Principle characterized by the effective area and the

The surface of the area of interest is projected resolution. Both are determined b- the dsign

onto a two-dimensional light-sensitive device, in parameters of and a Another design parameter is
this case a CCD-chip. Every spot on the CCD-chip the focal length of the camera In a pracrical

corresponds to just one location in the field of application, the effective area should fit as good

sight of the camera. This one-to-one relation is as possible the area of the field. As t.e

the basis of the position finding system described resolution is not homogenious over the area a
better criterium for optimal design is thein this paper.

In order to distinguish between the objects of deviation of the pixel area from its mean over the

interest and the background, the objects are total area.

equipped with a small, omnidirectional light Fig. 4 shows examples of output plots for soee

source. The influence of sunlight and other particular combinations of the design parameter .

interfering light sources can be eliminated by '. a/h and the viewing angle o of the camera The,
using monochromatic infrared light and optical curved lines represent plxels of equal area,. th
bandpass filters ic front of the camera. line marked I corresponds to the mean pixel area

With these precautions, a set of objects or From a geometric analysis it appears that -
vehicles within the field of sight results in a optimum resolution occurs at a hn'rhic7'-. '.:;'!-
corresponding set of illuminated pixels on the CCD- boundary of the viewing field, that is. - 2-a
chip. From the geometric relation between the row- Furthermore, the area of the total field of vie-w

and column numbers of the pixels and the position can be enlarged lv simply increasing the din-arc,
of the light spots in the field, the coordinates of 2a between the cameras The distribution of
each object can be calculated. pixel areas is not influenced he this distance

Effective range and resolution of a single camera
system.
The field of view of a camera, mounted on a height
h and with an elevation angle c between the optical
axis and the plane normal, has the shape of a Appendix.
trapezium. The size of this trapezium is determined Ferculas tor lhc pi×1.- -ie-a -,1 d
only by the height h; the angle of elevation .it..i A
determines its size as well as its shape (Fig. 1).
The resolution of the position finding system is
limited by the pixel size of the CCD-nhip projected
on the field. It is easily seen that all pixel tA(,) 2- an'(fah)d COS(6)
images have exactly the same size if the viewingy
direction of the camera is perpendicular to the 0

field c-0 Increasing the angle of elevation does
Increase the pimel areas, especially in the range
near the horizon. Thus. when using a system with
just one camera, a compromise between range (large Is
angle of elevation) and resolution (inhomegonious
along the optical axis) is required (Fig. 2) A
restricted mounting height (in particular indoors)
further limits the applicability of such a position
finding system. 2a' - sjnl(1Oh0)A944 -
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Abstract No. 657

PROGRAMMING OF THE SPECTRAL RESPONSE OF SILICON Fig.2 shows the distinguishable wavelength-dependent current

PIIOTODIODES. components in the different layers that contribute to the total
photocurrent, J detected in the upper junction assuming depleted

regions having a width as shown in this figure. J denotes the

fraction of charge carriers generated in the quasi-neutral part of

Delft University of Technology. Dept. of Electrical Engineering, the shallow p-type layer in between the boundary of the surface

lab for Electronic Instrumentation, Mekelweg 4. 2628 CD Delft, space-charge region, X , and the upper junction depleted region,
'p

The Netherlands X , that are able to contribute to the photocurrent in the upper
junction. This term is strongly dependent upon the oxide charge.

In many optical applications a detector having a particular spectral The photocurrent Jud is due to the charge carriers generated in the

response curve is required. The conventional solution involves the depleted region and is therefore depending upon the reverse
deposition of dyed colour filters an a photodiode. Such a processing voltage across the upper junction. The term I- denotes the fraction

step is, however, not based on a silicon process. In a more flexible of charge carriers generated in the neutral layer in between X

approach a certain response specification in the visible part of the and X n that are able to diffuse upwards to the upper junction. This

spectrum can be met using the properties of silicon, which photocurrent is strongly affected by the ratio between the reverse

automatically implies process compatiblilty with silicon processing. voltages across the upper and lower junction, as a generated charge

The wavelength-dependent properties of silicon detectors are carrier is likely to diffuse to the nearest depleted region.

usually considered as a detrimental effect which degrades the

performance in solar cell or optical calibration applications. A A similar calculation can be made with respect to the lower

method will be presented for applying this effect for the flexible junction and the results are depicted in Fig. 3 Jin denotes the

design of silicon photodiodes having predictable, well defined and amount of charge carriers that are able to diffuse downwards to the
distinct spectral responses- lower depleted region, whereas JI, refers to those generated in the

depleted region and, finally, J I those thet are generated beyond

The indirect bandgap in silicon results in a relatisely small the depleted region in the p-type substrate.

absorption probability at an energy level just beyond the bandgap. A major simplification can be introduced by assuming a sensor

as a large change in momentum is required to allow a transition, structure in which the combined upper and low.er space-charge
and a maximum absorption at 3.4 eV, where a direct transition is .

possible. This effect causes short-wavelength light to be absorbed regio deplete th e epila er re ting n is
method divides the epilayer into two charge collecting layers in

shallowly and allows long-wavelength light to peretrate deeply which the upper layer determines the desired sensor response and

the lower prevents minority charge carriers, generated beyond the
upper depleted region from contributing to the detected

The basic device structure used to apply this effect for the upper d nfrm ontribuing tovthe dete

electronic programming of the spectral response is shown in Fig. I. pcrrni the upper junction a n increasing reverse oI across the upper junction w,.ill lead to an increasing contribution of
This dual-diode structure is fully compatible with a standard long-wavelength light to J The epilayer-substrate reverse

bipolar process. The photocurrent detected in the upper or lower uo

junction is composed of several components. The quintessence of the votae is. forture contr bynte inco inuintegrated IFET structure with an upper junction identical to the
spectral response shaping technique is the selective omission or shallow layer and the substrate acting as the lower gate. This
supply of each of these components to the detected photocurrent nh measure precludes the esistence of a neutral layer in the epilayer
one of the junctions. Increasing of the collecting depth down from

the upper junction will favour the long-wavelength response of and m sn elect rona ta e lnwelenthcto

this junction, whereas an increase of the lower junction collecting

layer up from the junction will improve the short- wavelength An independently controllable short-wavelength cut-off is realised
response of the lower junction at the espense of the

based on the control of the surface space charge region using an
long-wavelength response of the upper junction [ 1 . As' implantation in the oxide covering the photodiode in order to

Both junctions are connected to a reverse voltage giving depleted control the surface depletion layer up to full depletion of the

regions extending on either side of the junctions, viz. from X p-type toplayer. The extra As
5 

implantation in the oxide reduces
up I and causes a shift of the short-wavelength cut-off to longer

down 1o X far the upper junction and from X down to X for u
un having a width determined by the revrwavelengths. These design parameters allows the realisation ofthe lower junction, hinawitdermedbtereverse

voltage applied across the junction and the respective layer doping clearly different spectral responses without applying color dyes

concentrations. Due to positive oxide charge also a surface depletion Fig. 4 shows four different spectral responses in which curse a1

layer will appear. In between the junction rpace-charge regions a denotes the response of a shortcircuited photodiode having a

quasi-neutral layer will exist, A depletion layer reveals an almost boron implanted junction at 0.5 pm depth in a 8 pm thick 6 lcm

ideal collecting efficiency, whereas this efficiency is limited in the epilayer and curve #3 the response of the same diode connected to a

neutral part of the n-epilayer in between % and X_ due to a reverse voltage across the upper junction equal to 16V and a

finite diffusion length of the generated charge carriers. In the substrate voltage depleting the remaining epilayer Cur~e a2

quasi-neutral layer ;n between X and X a majority carrier reveals the response of a shortcircuited diode with the same profile
!p up after a As+ implantation in the oxide and *4 the response of this

field prevails giving a high collection efficiency in this layer. The

photocurrent in a layer can be calculated by solving the continuity diode when applying a reverse voltage of 16V.

equation in that particular layer under the appropriate boundary

conditions meanwhile assuming a charge generation rate depending I R.F.Wolffenbuttel and P.P.L.Regtien, A novel approach to

exponentially on the depth and the absorption coefficient, solid-state colour sensing, Sensors and Actuators. Vol q. iqg6,

pp. 199-211.
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Abstract No. 658
SILICON COLOR SENSORS WITH A DIGITAL OUTPUT. different values of the depth of the upper depleted region. The

operation of this color sensor can easily be combined with a

R.F. Wolffenbuttel dual-slope AD conversion as shown in Fig. 3. In the first part of
the conversion cycle the switch that suppties the

Delft University of Technology, Dept. of Electrical Engineering, photcurrent, J generated in the upper junction via A3 to the

Lab. forElectronic Instrumentation, Mekelweg 4, 2628 CD Delft, integrator. u, enera , i the peration, aplifierthe
itgao.composed of OAt1, is closed. Operational amplifier OA 3

The Netherlands drives a current mirror in such a way that no current flows to the
non-inverting input. At equal emitter areas this current is also

Silicon color sensors based on the wavelength-dependent response of supplied to the switch. After a fixed time-interval, T, this
silicon photodiodes in the optical part of the spectrum have been switch is opened and the integrating capacitor is discharged ,:Ith
reported before (11-13], however lacking an output signal in a the total photocurrent, Ju+JI. An incident spectrum cont
digital form. This effect is usually considered to be an undesirable predominantly short-wavelength components will give rise
effect which reduces the performance of solar cells and complicates steeper descending slope and thus results in a larger absolute
the application of silicon photodiodes as optical calibration of the voltage across the integrator capacitor at T . In the s"
detectors. In conventional research on this subject, measures are part of the conversion cycle the absence of strong long-wavelf
explored for reducing this wavelength dependent effect. In the components will cause a relatively small ascending slope. Theret,
color sensor the opposite objective is pursued and measures are a dual-slope conter content proportional to Tbl will be displayed. A

taken to maximise the wavelength dependence of the response in similar discussion leads to an indication proportional to Trd in case
order to obtain electronically tunable optical filters in silicon. In of illumination with light containing predominantly
numerous applications such a color sensor can be employed long-wavelength components. Operational amplifier OA4 generates
successfully, the substrate reverse voltage.

There is a wide range of domestic, agricultural and robotic A more flexible approach is shown in Fig. 4 and involves two
applications where only a significant shift in the optical spectrum diodes with unequal sensitive areas in which equal photocurrents
has to be detected. No image information is required and no are nevertheless maintained using a reference diode connected to a
tristimulus colorimetric information need to be reproduced, so a reverse reference voltage, V.,, and a smaller reverse voltage, V,
simple color indicator can be used to solve the problem. In a across the junction of the larger compensating diode by means of a
conventional photodiode or solar-cell a photocurrent is generated current difference controlled feedback loop. For short-wavelength
that is, at a certain intensity, in first approximation proportional to light a large difference in these voltages is required for
the sensitive area. In the color sensor, shown in plan and cros- compensating the difference in sensitive areas, as all this light is
section in Fig. I, an additional mechanism is implemented that already absorbed shallowly. Therefore, for short-wavelength
allows the collection of only the charge carriers generated in a light and a particular value of V a very small V will give a
layer extending from a shallow ju, ctiuui down to an adjustable baiance, whereas for long-waveltagth light V will approach

boundary. Applying a certain reverse voltage across the shallow p+ V 1 . giving a wavelength-dependent response [31. The sensor
n junction for depleting the lighter doped epilayer down from the operation can be conveniently cotobined with a servo AD converter
junction, and simultaneously connecting a reverse voltage acro the configuration. A fixed reverse voltage is applied acros the smaller
epilayer-substrate junction for depleting the complementary part photodiode, whereas the reverse voltage across the larger diode is
of the epilayer permits the selective detection of only the charge controlled by a DA converter. The resulting current, I -' -l,'t. is

carriers generated in the upper part of the silicon, fed to a comparator which controls a counter in such a way that a

larger photocurrent in the larger diode causes the counter to count
As the short-wavelength components in the spectrum are absorbed down. The counter content is available as a digital output and also

shallowly, all the blue light is already absorbed at very thin layers. drives the DA converter for providing the reverse voltage across
Therefore, at illumination with light having predominantly the larger photodiode. The voltage V isolates the two diodes and

short-wavelength components, the perceived photecurrent remains V ensures full depletion of the epilayer underneath the

almost constant at the increasing width of this upper depleted part compensating diode. In the practical sensor two diodes with

of the epilayer associated with an increasing reverse voltage, equal dimensions are used and the difference in effective sensitive

However, at illumination with long-wavelength light the detected area is realised using a translinear circuit. In the steady-state the

photcurrent increases with the layer width and thus with the digital output of the counter is determined by the color of the

reverse voltage. The depletion of the lower part of the epilayer incident light and the value of the reverse reference voltage, Ve.

prevents the existence of a neutral layer in which charge carriers across the smaller photodiode.

generated beyond the depleted region could otherwise diffuse
upwards and contribute to the photocurrent, and thus avoids an References.
impediment on the operation of the colour sensor, This paper
presents two different versions of colour sensors equipped with a t R.F.Wolffenbuttel and P.P.L.Regtien, A novel approach to

special AD conversion adapted to the sensor operation, solid-state colour sensing, Sensors and Actuators, Vol 9, 1986,

pp. 199-211.

The simplest version of the color sensor is based on the
determination of the ratio of the photocurrent in the upper 2 N.Kako. N.Tanaka and CSuzuki. Combustion detection with a

depleted part of the epilayer relative to the total photocurrent. The semiconductor color sensor, Sensors and Actuators. Vol 4, 1983.
response for different values of the reverse voltage for a sensor, pp. 655-660.
with a junction at 0.5 jum depth and a surface depletion layer

extending down to 0.2 um into the silicon, is shown in Fig. 2 and 3 R.F.Wolffenbuttel, A simple integrated color indicator, IEEE I

clearly reveals a wavelength-dependent response due to the SC. Vol SC-22. No 3, June 1987. pp. 350- 356
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Abstract No. 659

case of materials such as La20 2 S, the

INFLUENCE OF CHARGE TRANSFER STATES ON Eu additional charge-transfer transitions from

DOPED PHOSPHORS FOR TEMPERATURE SFNSOR the highly polarizable sulf-, ions reduces the
APPLICATIONS charge-transfer bands to 32,000 cm

-1
. The

interaction with the charge transfer states in
S. W. Allison, M. R. Cates, La202S is such that the quenching temperature

L. A. Boatner, and G. J. Pogatshnik of luminescence is only slightly above room

Oak Ridge National Laboratory temperature.
Oak Ridge, TN 37831

The two major criterion in choosing

A. R. Bugos europium phosphors for high temperature sensor

Department of Electrical Engineering applications are that the host material must

The University of Tennessee be stable at high temperatures and that the

Knoxville, TN 37916 europium charge-transfer band should lie as

Temperature sensors based on the deep in the UV as possible. One particular
europium phosphor which meets these criterion

fluorescence properties of rare-earth ions in is Eu:Y203. The charge-transfer band in this
solids can be used in a variety of isterial0 is Tear ban in The
applications including accurate high- material is near 37,000 cm

- I
. The

apliaiosinldigacuat ig- fluorescence lifetime of the europium
temperature measurements and remote thermo- frscencnlifet u ft the0 europiue

metry.[l] For a given rare earth phosphor, transition is constant until 500 
5
C and then

both the fluorescence intensity under steady begins to decrease with increasing

state optical excitation and the fluorescence temperature, as illustrated in Fig. 1. Our

lifetime of the phosphor are dependent on the recent investigations of europium in rare-

sample temperature. Rare earth phosphors are earth orthophosphate crystals show that these

particularly suited for high temperature materials are superior to Y20 3 in their high

applications because the optical transitions temperature characteristics. For example, the

take place between energy levels of the 4f fluorescence lifetime of Eu:YP0 4 is constant

states. Since the lattice-ion coupling is to approximately 650 °C before the onset of

small for the 4f states, processes which non-radiative quenching. The energy of the

contribute to the temperature quenching of europium charge-transfer band in YPO 4 is at

luminescence occur at relatively high 43,000 cm
-1

. Although the nearest neighbor

temperatures. anion for Y20 3 and YPO 4 is an oxygen ion, we

believe that the presence of the P04 radicals
For most rare-earth ions, the dominant in the crystal structure tend to reduce the

temperature quenching mechanism is that of polarizability of the oxygen ions at the

multi-phonon relaxation. The probability of europium sits, and pushes the charge-transfer

these multi-phonon processes increases with euro higher an e Substitution of

temperature so that the intensity and band to higher energy.

fluorescence lifetime of the rare-earth different cations for yttrium also has an
effect on the energy of the europium charge-

emission decreases as the temperature is transfer transition. Blasse has shown that

raised. This mechanism has been utilized in the substitution of the fluorescing ion for a

temperature sensors based on Nd:YAG and cation with a smaller ionic radius increases

operation to temperatures near 1100 K have the quenching temperature of luminescence, 4]
been demonstrated. (2] One of the advantages the q c Emeaure of lmescence[

of temperature sensors based on europium
phosphors is that the energy gaps from the D quenching temperatures of any europium

excited states to the ground levels are very phosphors that we have measured. The charge-

large relative to that of the other rare-earth transfer energy of europium in this host is

ions. Therefore, the multi-phonon transition 45,000 cm
-1

. Europium substituting for the

rate is extremely small so that it should be larger lanthanum ion in LaPO 4 reduces the

possible to use europium phosphors for very quenching temperature to that of Y20 3 .

high temperature applications. However, non-

radiative quenching of luminescence for In summary, we have demonstrated that the

europium phosphors does occur and is dominated incorporation of europium ions in rare-earth
by the interaction with the host crystal by orthophosphate crystals increases the quench-
the charge-transfer transitions of the ing temperature of europium fluorescence due

to the high energies of the charge-transfer

europium ions.t3] bands. These materials should extend the

The effect of the charge-transfer temperature range of rare earth phosphor

transitions on the non-radiative decay of the sensors above 1500 K.

europium phosphors is a function of the energy 1. B.W. Noel et. al. Proc. of the AIAA 23rd

at which these transitions occur. The
contribution to the charge-transfer energy Joint Propulsion Conference, AIAA-87-1761,

from the host depends mainly upon the San Diego, CA, 1987.
polarizability of the neighboring anions. The 2. K.T.V. Grattan, J.. Manwell, S.M.L. Sim,

energy of the charge-transfer transitions in 14, 307 (1987).
materials such as fluoride crystals is deep in 3. C.W. Struck and W).. Fonger, J.Lumin

the UV since the polarizability of the (1969).
fluorine ions is relatively small. However,
the low melting points of most fluoride 4. G. Blasse, in Handbook of Physics and

crystals makes them unsuited for most high- Chemistry of Rare Earths., ed. by

temperature applications. Oxide materials K.A. Gschneidner Jr., and I.. Eyring,

typically have much higher melting points, but (North Holland 1979), pp. 237-274.

the higher degree of polarizability of the moDerated by Martin Mariettl Energy Systems IT thr

oxygen neighbors moves the charge transfer O.s. Department of Energy under -ntrict number

transitions to lower energy. In the extreml DE-ACO-04OR21400.
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FIBER RING RESONATORS AND SHOCK This work performed at Sandia National Laboratories
EXCITED MECHANICAL OSCILLATORS was supported by the U. S. Department of Energy under

Contract #DE-AC04-76DP00789.

REFERENCES
M. A. Butler

MicrosensorDivision, 1113 1. L F. Stokes, M. Chodorow, and H. J. Shaw, Optics
Sandia National Laboratories Letters 7, 288 (1982).

Albuquerque, New Mexico 87185

A fiber ring resonator is a single mode, optical fiber
loop into and out of which light can be coupled [1]. This He-Ne LASER
structure behaves as an interferometer in that the intensity
of light out varies cyclically with the length of the loop
where the period is the wavelength of the light. Such a LENS

structure can be made into a sensor if the quantity to be
sensed can be made to modify the length of the fiber loop.
This can be done by heating the fiber or straining it. Heat PULSER
transfer to the fiber core is a relatively slow process, so we . t
will consider strain effects. - -L- SINGLE

To measure energy impulses the fiber must have a Cuti MODE
suitable coating so that the enerqy heats the coating and TUBE FOUR
thus produces thermal strains which will propagate to the /PORT
fiber core. To test this concept the system shown in figre ]COUPLER
1 was assembled to measure the energy in current pulses.
Other forms of energy would require other coatings. A
current pulse in the 5-10 microsecond range is sent to the
thin CuNi tube and heats the tube. The tube will expand
and the strains will be applied to the fiber since the fiber is OSCILLOSCOPE
bonded to the ends of the tube. As the fiber is stretched a
string of optical pulses is observed at the output with the
number of pulses proportional to the energy in the pulse. 0 AMP. PHOTO-

Two factors are important in the performance of such DETECTOR

a sensor: sensitivity and speed. The sensitivity is
determined by the size of the strain at the fiber core for a SMA
given energy input. The speed of such a device is
determined by the time it takes for the thermally
generated strain to be applied to the fiber. Since this time
is approximately:

t=L/v (1) Figure 1

where L is the relevant sensor dimension and v the
velocity of sound, the response of the sensor to radial

strains will be orders of magnitude faster than the
response to axial strains. For the particular experiment
performed here the sensor will only respond to axial
strains since the fiber is only bonded to the ends of the
tube. Since the tube is 8cm. long the intrinsic response ta
time of this sersor is about 20 microseconds. For energy
impulses much longer than this the sensor can follow the to
energy input accurately with the frequency of the output
optical pulses representing the power at any point in time CfI a
and the total number of optical pulses representing the V
total energy content of the impulse. For electrical 0
impulses much shorter than this intrinsic response time, .r

the sensing element cannot follow the energy input and "4
the thermal Strains generated in the tube will only become 0 * At - 50600
apparent at a later time. The tube acts as if it were
compressed and then suddenly released. This sets up
mechanical oscillatiu, , in the tube which are transmitted
to the fiber. The frecuency of these oscillations depends 0
on both the dimension, of the tube and the effective mass o too io i 400

loading on the ends. The amplitude of the oscillations is Energy (mJ)
proportional to the total energy in the electrical impulse
as is shown in Figure 2 for two different impulse lengths.
This linear relationship means that this sensor can be used
to measure the energy content of impulses much shorter
than the intrinsic response time ut the sensor. Figure 2

i. 5.
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RFLmECTOMETRIC TECHNIQUES IN THE STUDY OF (h) Redox system:
CHEMICAL EQUILIBRIA OF IMMOBILISED INDICATORS
USED IN OPTICAL FIBRE CHEMICAL SENSORS Ox(ads) Z± Red (ads) ne-

Dr. R. Narayanaswamy I jir
Department of Instrumentation and Analytical Science Ox (Sol) Red (sol) + ne-

UMIST, P.O.Box 88, Manchester M60 IQD, UK.

where HIn is an acid-base indicator, Ox and Red are the

The development of chemical sensors based on the use of oxidised and reduced form of an indicator, and the

optical fibres are being pursued all over the world with great subscripts ads and sol refer to the adsorbed and solution

interest because of the several advantages these sensors can phases respectively.
offer. The most important of these being safety, ruggedness

and remote measurement capabilities by these sensors (1). References

Though a few disadvantages that exist may be overcome with

appropriate modification, the limited dynamic range with 1. R.Narayanaswamy and F.Sevilla III,
these devices could restrict their use in certain applications. J.Phys._:Scj.nstrum., 1988, 21, 10,

These sensors feature a chromogenic or fluorogenic reagent
immobilised on a suitable solid support, and interface to an Z. R.Narayanaswamy and F.Sevilla II,

optical fibre. The reagent phase acts as a chemical Anal.Chim.Acta., 1986, 189, 365.
transducer, converting the chemical information from the

analyte into optical signals which are conveyed through the 3. R.Narayanaswamy and F.Sevilla III,

optical fibre. Mikrochim.Acta In press.

The preparation of reagent systems involves the 4. W.A.Wyatt, G.E.Poirier, F.V.Bright and G.M.Hieftje,

immobilisation of the chemical system on an inert and stable Anal.Chem., 1987, 59, 57Z.
solid support such as glass, silica gel, cellulose and other

polymeric solids. Immobilisation could be carried out either 5. M.A.Ditzler, H.Pierre-Jacques and S.A.Harrington,

through physical or chemical procedures (Figure 1). The Anal.Chem., 1986, 58, 195.
physical methods of immobilisation include gel entrapment,
adsorption and electrostatic attraction, and these methods

require simple and economical procedures. Chemical

immobilisation, on the other hand, is based on the formation

of a covalent bond between the reagent molecule and an (A)
activated or functionalised form of the polymeric solid

support. This method is the most irreversible of the
immobilisation techniques, but requires several steps in its

synthesis.

In our laboratories, we have studied extensively the
immobilisation methods using adsorption techniques, and have

observed changes in the properties of the reagent. Adsorption

on a hydrophobic polymer, XAD-2 (a polystyrene-divinyl-
benzene copolymer) alters the equilibrium properties of acid-

base (2) and redox (3) indicators. Other workers have noted

modification of spectral and temporal characteristics of the

luminescence of fluorophores (4) and enhancement of

selectivity of chelating agents (5). Our study involves the
development of reagent matrices for use in optical fibre (C) (0)

chemical sensors for measurement of pH, sulphide ion, etc.

A systematic investigation was carried out to study the

effect of immobilisation on the acid-base and oxidation-

reduction equilibria of some indicators adsorbed on XAD-Z. R

etry.d Thse m ethd sx e uinib aplicble tom o n th de d 
2 R

Acid-base and redox equilibria are commonly studiedIRthrough spectrophotometry, potentiometry and conductom- aRetry. These methods are not applicable to the RR

immobilised reagent systems involved in our study because

of the heterogeneous nature of the reagent phase. Instead,
these reagent systems have been investigated through a

reflectometric method, which is analogous to Figure 1 Diagrammatic representation of the different

spectrophotometry. The dissociation constants and methods of immobilisation of a reagent, R, on

reduction potentials of immobilised indicators are reported a solid support:

in this paper using reflectance techniques. The results have (A) gel entrapment; (B) adsorption;

indicated that adsorption of the indicator on a non-polar (C) electrostatic attraction; (D covalent

surface causes a decrease in the extent of dissociation of bonding. (From reference 1).

the solute and a lowering of reduction potentials. The

"solid-solvent" model for adsorption on XAD-Z polymer has
been used to explain the observations and can be accounted
for by the existence of the following equilibria:

(a) Acid-base system;

HIn (adq) ; H fads) + In-(ads)

It Jr
HIn (sol) in- (sol)

053
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FIBER OPTIC SURFACE ENHANCED RAAN CHEMICAL SENSORS fibers can alter the magnitude of the background sig-
nal, since it relates to the intensity of the exciting

N. N. Carrabba, R. B. Edmtonds, P. J. Narren source back reflected into the collection optics,
and R. D. Rauh relative to the spectrum intensity, which is isotropi-

cally scattered from the SERS-active surface.
EIC Laboratories, Inc.

Norw", Massachusetts 02062 SERS spectra of 0.025M pyridine on Ag are shown in
Figure 1, comparing six different probe variations.
One probe, which is not represented in Figure 1, was

INTRODUCTION constructed with plastic clad collection fibers, and a
broad background signal was seen which washed out the

"Universal" chemical sensors are needed for the detec- spectral details. The fluorescence was corrected by
tion and monitoring of toxic substances in the envi- employing silica cladding, which was employed in all
ronment. Ideally, such a sensor wxuld produce Infor- later experiments. In all the spectra, the silica
mation in real time about their presence in low levels Raman spectrum, shown in Figure 2. is superimposed on
and their chemical structures. Our approach to this the background with a major peak at 450-500 cm-1. The
problem has been to sample dilute chemical species by intensities of the main pyridine peak at 1000 cm

-
1 of

adsorption onto surfaces and then to identify the the silica Raman peak and of the general background
adsorbates by Surface Enhanced Rman Spectroscopy level are indicated in Figure 1.
(SERS) [I. The combination of pre-concentration of
dilute species due to specific adsorption, and up to The most significant increase in the SERS signal
106 signal enhancement of SERS over normal Raman intensity was realized by adjusting the collection
spectroscopy, should enable detection well below the fiber acceptance angle. Depending on the other vari-
parts per billion level. Raman techniques utilize ables, this gives up to a 15-fold increase in the SERS
visible light to obtain structurally unique vibra- signal level compared to a parallel orientation of
tional spectra. Thus, measurements can be made in delivery and collection fibers. Similar results were
media such as water with high infrared absorption. In obtained with the 11' collection fibers concave or
principle, laser Raman excitation and scattering sig- polished flat. At the same time, enhancing the col-
nals can be transported through optical fibers for lection in this way increased the overall background
sampling remote or hazardous environments, level by a factor of 2-4 and the silica Raman scatter-

ing level by a factor of 5-10. With the present probe
In this paper, we present results on configuring and configuration, a distance of approximately 2.5 mm bet-
optical fiber delivery and collection system for con- ween the substrate and the collection fibers was opti-
ducting remote SERS. mal when all the other variables were held constant.

Enhancement of the overall signal level or ratio of
EXPERIMNTAL signal to background in some cases could be accom-

plished by employing a lens-ended exciting fiber
All results were obtained using a Raman instrument and/or by placing it close to the substrate. The lev-
incorporating a Spex Industries Triplemate spectro- els of background scattering and silica Raman peaks
graph and an EG&G Optical Multichannel Analyzer for were evaluated using a Ag mirror in place of the elec-
detection. The excitation source was a Coherent Model trochemically roughened SERS-active substrate. Plac-
70-4 Ar ion laser which also was used to pump a Coher- ing the collection fiber nearly touching the substrate
ent 599-01 dye laser. Unless otherwise indicated, an decreased the background by up to a factor of 5, as
excitation wavelength of 575 nm was selected using the did decreasing the illuminated area by focusing the
dye laser, and the intensity leaving the exciting exciting light. In the SERS experiments, the ratio or
fiber was 100 mW. pyridine peak intensity to the silica Raman intensity

was also greater in these cases. For this reason,
The fiber optic probe was constructed based on a theo- fiber probes corresponding to the SERS spectra in Fig-
retical study by Plaza and co-workers (21, which ures 10 and E might be favored over the probe corre-
addressed normal Raman spectroscopy. It consisted of sponding to Figure IF, even though the intensity of
a central 100 am excitation fiber surrounded by four the pyridine spectrum in the latter is stronger.
600 $ n collection fibers. The four outer fibers were
sealed in opaque epoxy around a capillary tube which Further optimization of the SERS probe design is in
accepted the excitation fiber and allowed its vertical progress.
positioning. Two different exciting fibers were pre-
pared, one polished flat and another with a lens
fabricated at the tip by laser melting 13). In addi- ACKNOWLEDGMENT
tion, three different collection geometries were con-
sidered: fibers parallel, fibers beveled inwards at This work was supported by the U.S. Department of
11, and the beveled angles polished flat. Energy.

Electrochemical instrumentation and roughening of Ag
electrodes for SERS has been described elsewhere Ill. REFERENCES
Electrolytes were 0.114 KC1.

1. M. M. Carrabba, R. B. Edmonds and R. D. Rauh, Anal.
Chem. 59, 2559 (1987).

RESULTS
2. P. Plaza, N. Dao, M. Jouan and H. Saisse, Appl.

Several factors complicate the measurement of SERS Optics 25, 3448 (1986).
using optical fibers. First is a background fluores-
cence obtained from polymeric fiber claddings. Second 3. V. Russo, G. C. Righini, S. Sottini and S. Trigari,
is an intrinsic Raman scattering arising from the Appl. Optics 23, 3277 (1984).
exciting fiber which is reflected back into the col-
lection fibers from the SERS substrate. In addition,
an unstructured background signal is always present in
SERS. The placement of the exciting and collection
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Fig. 1. Surface enhanced Raman spectra of 0.025M pyridine/0.1M
KCI on electrochemically roughened Ag, showing effect of different
fiber optic delivery and collection geometries. All spectra were
recorded at -0.6V vs. SCE, X 575 nm, laser power 100 oW.
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CHEMISORPTION-INDUCED REFLECTIVITY CHANCES impurities are similarly expected to lead to the

IN THIN METAL FILMS formation of surface SO, [31 rather than simple

chemisorption of molecular O2, The decrease in

A. J. Ricco and H. A. Butler reflectivity upon chemisorption of H2 S, which is also

Sandia National Laboratories, Albuquerque, NM anomalously large, can be explained by the known

reaction of H2S with Ag to form Ag2S [4]. The

Optical fiber-based chemical sensors have a irreversible nature of this reaction explains the

number of advantages over other chemical detection decrease in reflectivity to nearly zero (see Figure 2)

means, including immunity to electrical interference, after about 50 hours.
safety in electrically sensitive environments, We can better understand the phenomenological

chemical inertness, small size, and simplicity. We effect of chemisorption on metal optical properties by

have examined the metallized end of a multimode measuring the size of the reflectivity step, for a

optical fiber as a new type of chemical sensor and as given adsorbate, as a function of metal film

a means for probing the interaction between thickness. For this experiment, the interaction of

chemisorbed molecules and thin metal films. The oxygen with nickel is ideal because the reaction is

interactions of Ag and Ni thin films with HIS, SO, uncomplicated by oxygen impurities and it is

02, CO, and H. have been examined, irreversible (the enthalpy of chemisorption exceeds 70

The sensor, shown schematically in Figure 1, has kcal/mol [5j). First, the solid line in Figure 3.

an active surface area of only 0.002 mm
2 

(the fiber which represents the derivative of reflectivity versus

has a 50 pm core and 125 pm total diameter). A metal thickness. dR/dt, was calculated from reflectivity and

film 20 - 250 A thick is thermally evaporated onto the film thickness data obtained simultaneously during the

freshly cleaved fiber end, with film thickness evaporation of a nickel film in the absence of oxygen.

monitored using a conventional quartz crystal Next, a series of nickel films of various thicknesses

microbalance (QCM). The reflectivity of the film is were evaporated on freshly cleaved fiber ends, and

mor'tmred In situ in the high vacuum system before, each film was then exposed to 20% oxygen in nitrogen.

during, and after thin film evaporation, and during The data points in Figure 3 are the reflectivity
the admission of test gases to the system; the freshly decreases in percent, upon exposure of each of the

metallized fiber is not exposed to air prior to gas nickel films to oxygen, divided by a constant (At --

exposure. Metal film reflectivity is measured using 5.3 A). The agreement of the AR/At data with the

an 860 nm LED modulated at 10 kHz, with the reflected measured dR/dr curve shows that the reflectivity

signal and the source synchronously detected to change can be represented by
correct for fluctuations in light intensity. AR At.

Chemisorption changes the reflectivity of a metal dR - -t

surface [I]. For optically thin metal films, the
chemisorption process can change the effective optical with a At of -5.3 A independent of the overall nickel

thickness of the film, and therefore its reflectivity, film thickness. Thus, the interaction of oxygen with

by a relatively large fraction. Typical results of an nickel reduces its effective optical thickness by 5.3

experiment are shown in Figure 2 for a 100 A thick A
silver film exposed to 100 ppm of HS in N, at I Chemisorption-induced reciectn,"Vy change is a

atmosphere, This concentration represents 65,000 rapid surface process and, with a range of metals and

Langmuirs of exposure per second and thus the alloys available, offers the potential for varying

magnitudes of the measured shifts are not dependent on seiectivity and reversibility. As in many chemical

the time of exposure to the gas. A step reduction in sensing problems, the lack of a single, highly

the reflectivity of about 1% occurs in a few seconds selective sensing material for each species of

(the time required to fill the bell jar) upon exposure interest may be compensated by the use of sensor

of the silvered fiber end. Over a much longer time arrays, in this case with a range of metal films.

period, there is a slow decrease of the reflectivity having varying sensitivity and selectivity for many
to or below the level observed for the bare fiber. We species. In addition to its potential application for
ttorbel the initil obste tor hesorfined L chemical sensing, this technique provides a new tool
attribute the initial step to chemisorpt ionl nduced for the study of chemlsorptlon processes on metal
changes in the reflectivity of t ahin filkchemi surfaces. In particular, it could prove useful in
much slower drop in reflectivity to a bulk chemical situations with large gas overpressures wherereaction forming Ag2S.

Although many molecule/metal combinations fail to ultrahigh vacuum techniques are inapplicable

produce a bulk reaction at 25 C, the initial The authors are indebted to K. B. Pfelfer for his

chemisorption step is common to all the adsorbates we excellent technical assistance. This work was

examined and Is more likely to be re-erslble; It was performed at Sandia National Laboratories and

therefore chosen for detailed study. Exposure of supported by the U. S. Department of Energy under

freshly evaporated, 100 A thick Ag films reulted In contract DE-ACO4-76DF0789.

initial step changes in reflectivity for H2S, CO, 02, REFERENCES
102. and H. of -0.7%, -0.6s. -0.5%. -0.45%, and -0.1%,
respectively. Measurements were also attempted on N02 1. J. D. E. Mclntre and D. E Aspnes, Surf, Sc,
and Cl2, but these molecules showed large, rapid 24, 417 (1q71).
changes due to irreversible bulk chemical reactions,
so a clear step could not be defined. 2 M. Bowker. M. A. Bartou. and R .1 Madixs Sujrf

In general, the magnitude of the reflectivity S 92, 528 (1980).
change correlates with the expected strength of the

metal/adsorbate interaction, provided the possible 3. D. A. Outka, R J. Madim. G B Fisher. and C
surface reactions are considered, For example, the
H/Ag interaction is known to be much weaker than the DiMarlo 3. Fhys Cheo, 90. 4051 (986).
0/Ag interaction [21, consistent with the observed 4. T. E. Croedel. . , Franey. G- ualteri, G
reflectivity changes (ARs). However, it is also known W. Kammlot, and D L Mam, Cotton a S ri ,25. 116
that the CO/Ag Interaction Is quite weak. We believe
02 impurities in the vacuum system and in the CO/N 2  (1985).
gas mixture result in the formation of surface 5 C Wedict ad P. Wiso..tn S.:rf S- 26, 3HQ

carbonate, CO, [2], with a resulting strong (1971)
interaction and large AR. In the Case of S02. 02
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Optical w av nguid Sensors: Sracr lo r..nceic
r~c at ioln

.1. I. loon, ). A. Chr i t n-S and W. M. Riclrt
5  Results

Dept. of eia gineerir!, Lniversitv of Ltch, Fig. 2 plots the normalized fluorescence signal vs.

Salt Lae City, CT L8412 mode number for waveguides coated with LB dye films

OtDopt. o Bii-odical Eginooring, Dke Uivrity The fluorescence increase with mode number is expected

Durha , NC 2706 due to both the higher interfacial intensify and greater

scatter losses of higher order modes. A model was

Surface fluorescence sensing is an important feature developed to calculate fhe evanescent and scatter
excitation components. This model considers tie

of iuoroimmunosayt, protein adsorpfion studies
2

, ard measured decay rates and calculated evanescent
fiber optic c1eical sensors.

3 
Auorosensing niethrod intensities of two waveguide modes, and then weights tie

using integraled optic (tO) waveguides has several scatter and evanescent terms to account for the

potential advantages compared to single reflection experimentally measured dilference in fluorescence of fIre
fecniques ard optical fibers, tO waveguides rave an two modes. In Fig. 2, the normalized fluorescence value is
exponentially decaying evanescen"t excitation fiend about 1 (front surface collection). Based on the
penetrating approximaely ioA into the neighboring evanescent/scatter model, the calculated evanescent
medium (Fig. 1). Pofarization is preserved during components are approximately -0.1 vs. approximately .1o1
propagation. aird specific waveguide modes with unique for the scatter components. The scatter component appears
evanescent fields can be selected. Waveguides are to dominate tire fluorescence, although tIre negative sign of
relatively easily fabricated from a wide range of transparent the evanescent component is surprising. The model used
materials. The planar geometry and fabrication methods in. the calculations does not account for the in ode
are consistent with multichannel sensing and waveguide dependence of the Rayleigh normalization signal, and this
devices such as gratings and nonlinear or electro-optic could reduce the evanescent component from a small
structures. Surface sensitivity can also be improved with positive signal to a small negative ternr.
evanescenly-coupled fluorescence. The norrmalized fluorescence signal for evanescent-

The propagating light intensity within 10 waveguides coupling (Fig. 2) is significantly lower than the front surface
decreases due to light scatter and absorption, and the collected signal due to two factors: 1) the direct, rather than
scattered light excites bulk fluorescence in fhe neighboring scattered, collection of tie 488nm laser beam, and 2) the
medium

4
. Differentiating fluorescence excited by scattered low efficiency of fluorescence evanescently coupling into

light from thaIt excited evanescently is essential for surface bound waveguide modes.
fluorosensing. This report describes characterization of tire The fluorescein dye results in Fig. 3 can be
evanescent and scatfer excitation fields of polymer tO separated into evanescent and scatter excitation
waveguides. Characterization involves decay reasure-
ments, calculated intensity profiles. Langriuir-Blodgett hir cornporients fre to saturatioi of fry scarfer componentthi
fils and fluorescein (lye solutions. Evanescently-couipled For a solution ic = 0 fcrn

"1
, the evanescentscatter

flLorescence is discussed as a nelhord fo enrhfance surface excitation ratio - 0006.

sernsitivily. T1. esulls indicate fhatl O waveguides are a The data shown in Fig 3 were normalized by the

potentially useful sensing method, but light scatter must be Rayleigh scatteod 488nm signal. This signal decreased
reduced in future Iluorosensing applicafions. exponentially with increasing dye concentration consisleit

with absorptive cladding models of guided wave medtai

Methods Conclusions
The following experimental details will be brief (see f0 waveouide defeclion of fluors on the surface and

Ives and Reichert (1988)5) Poly(slyrene) waveguides, I- in solution is feasible, even with the low laser powers
21rm fhick, were spun cast on quartz microscope slides, and (50liW) used for excitation. The use of low power sources
an incidenf laser beam at 488nm was prism-coupled into may be helpful in small sensor design The planar
the waveguides. The waveguides were mounted on a goni. waveguide georretry and mode selection allows
ometer for precise angular mode coupling, and tIhe polarization sludies and relatively simple analysis and
refractive index and thickness of tire waveguide were modeling. However, tire scatter-exciled signal is too large
determined from the mode angles.

6  
For decay for reliable surface detection and waveguide fabricaiorn

measurements arid light collection, a 200tii diameter improvements are necessay to decrease tie waveguid
quartz optical fiber was aligned perpendicular to fIre scattering coefficert. 1he atlractiveness of evanescei-
waveguide surface adjacent to flre quartz substrate (front coupling for surlace sensitivity is reduced by the small
surface collection) TIhe same optidl fiber was positioned fraction of excited signal which couples arid piopagatrs as
at the waveguide end for defecting evanescenfly-coupled a bonnd mode Future work should include trosnsble
fluorescence lie fiber was then directed to a spectrometer enhancemen techniques for evanescent couphig, or
for photon counting planar detector arrays with alternative evanescent scallor

Waveguide decay was measured by recording fire discrrminalion methods.
inlensify of the 1002 cm*f poly(sfyrene) Rarran peak at
several positions along Ihe waveguide streak.5 lhe decay tJ F. Place. R M. Sutherland and C. Dahne, Biosensorn 1.
rates of all wavnguides were measured prior to Laingruir- 321 (1985).
Blorgel (I B) dippr, or fluorescein dye experirmens. 

2
J.T. Ives and W M. Reicher, Appl. Spectroscopy 42, 68

Langmuir-Blodgelf thin films of arachidic acid (1988).
(Kodak) and cyanine dye (pem 509nm, Kodak) (roecurar 31 A Lieberrian, L L. Blyter arid L G. Cohen. OFS, New

ratio = I dy,1200 arachidic acid) were deposited oi tire Orleans, January 1988.
surface of poly(sfyrene) waveguides. Two molecular layers 4W.M. Reicheit, J.T. Ives, P.A. Suci and V. Itlady, Appl.
(-54A) were dfeposited Fluorescence emission was Spectroscopy 41, 636 (1987).
monitored as a function of waveguide mode and 

5
JT Ives and WM Reichert, J. Appl. Polymer Sci. 35

polarization. and the 488nm signal was used for (1988)
noraulzation 

5
J D Swalnn, n Santo, M. tacke and J. Fisher, IBM J. fIns

Rilk fluorescence was investigated by injecting Dev 21, 168 (19i5)
fluorescein rfye into a flow cell on the waveguides

4 , 
and 7V Iflady, D rrninocke and J D. Andrade, J, Colloid Interf

collecling the fliore scence emission at a position aboul Sci 11 1, 555 (1 8c)
25rmi from Ifir on coupling prism Only fire lowest order 1 E FN S Kafpany, J J Burke and C C Shaw, J Opt Soc All
norfe was t1id dire Io losses af fere gasket-wavegiiide 53, 929 (1963).
inlerfacp which increased will higher order modes.

itriresrpericn signals were normalized by the 488er
signial



Coupling Evanescent Fluorescein dye solutions
Laser prism hi d Poly(styrene) 2v

~~Vk~wwaveuide
~Optical fiber;

Quatlz substrate Otalefiber;evanescently
-coupled 0 lev4-

Otfiber fluorescence r

Figure 1. Schematic illustration of polymer integrated optic 0 o e - -

waveguide. Integrated optic waveguide3 have a continuous 0 10 20 30 40 50
evanescent field along the waveguide surface. The
evanescent penetration depth is -1 500A, the poly(slyrenu) C c, cm

1

waveguide is 1-21im thick and the optical fiber is 200pm in
diameter. Figure 3. Fluorescein dye solutions. Fluorescein dye

solutions of varying concentration ( c = extinction coefficient,
c = concentration) were injected into the flow cell. The
normalized fluorescence (512nm/488nm) was detected
with front surface collection (Fig. 1).

Nornmalizedi Fluorescence

1.2 1.8e-2

1.6e-2
1.1

i 1.0 1.2e-2 -

2 1.0o-2

u-09"w

8.0e-3

0.8 6.0e-"
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Mode #

Figure 2. Normalized fluorescence vs. wavegulde mode.
The poly(styrene) waveguide was coated with two
Langmuir-Blodgett layers of cyanine dye in arachidic acid
(t1200 molecular ratio). Normalized fluorescence
(509nm/488nm) was determined for a) front surface
collection (open squares) and b) near field back-coupling
with terminal end collection from the waveguide (solid
squares). Waveguide modes were selected by adjusting
tIre coupling angle.
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AN INVESTIGATION OF POLYMERIC FILM/SOLUTE 100
VAPOR SOLUBILITY PARAMETERS USING AN "

OPTICAL WAVEGUIDE INTERFACIAL 2 '2

PROBE METHOD 99 ,

J. F. Giuliani a 98 
i~. G *. PEM FILM DATA

Chemistry Division 97 - 6 - 10.1 . 05"
U.S. Naval Research Laboratory 

'

Washington, D.C. 20375-5000 T. , 93 5%
90- NFIt MEASUREMENTr 96 - NRIL MEASUREMENT

A simple and rapid optical mo-thod is reported for
the determination of solubility parameters 6 of solid Z 95
polymer films using an optical waveguide (OWG) device
which probes changes in the optical properties of the film
at the film/glass interface. This simple method relies on o 94
the approximate Hjldebrand euation Ha' AE - 0 02

(61 - 6 2)
2 

(cal/cm3)
1
/ where AE is the change in

internal energy in a solution process, ' I, 02, and $1, 62 93 . . ,
are the volume fractions, and solubility parameters of the 6 8 ' 12 ' ' 18 20 22 24
solvent and polymer respectively. The above approximate
relationship is used to determine solubility parameters by SOLUTE SOLUBILITY PARAMETERS 6, (cauc53)1 

2

means of the amount of swelling that the polymer
undergoes when immersed in a specific reagent. A new Fig. I. Dependence of the measured optical transmission for
method for determining the solubility parameters of a PEM film coated optical waveguide probe over a
polymeric films is described in which a decrease in optical wide range of organic solvent solubility parameters.
transmission from a film coated optical waveguide is The solid curve represents a least squares fit to the
monitored with exposure to a wide range of vapors whose data. The number beside each point represents the
solubility parameters are known beforehand, organic vapor. (1) CCI 4 ; (2) CgHI;0 (3)C 7 18; (4)

C 6 H6 ; (5) CH Cl3 ; (6) C3 H6 0; (7) C3 H9 0 3 P; (8)
Figures I and 2 display the plots of the measured C4H9 NO; (9) C3HgO; (10) C2H60; (11) CH 4 0;

changes in the optical transmission at 660 nm relative to (12)H 20
the nitrogen gas reference transmission (i.e. nearly 100
percent) in a dual flow vapor/gas system for the polymer
films, polyeth3lene maleate (PEM) and polyfluoropolyol
(PFP) as a function of a wide range of organic compound
saturated vapors (i.e. 10,000 ppm). These two film
coatings were exposed separately to organic vapors 100
(numbered in Figures I and 2,), whose aolubility parameters
range between 8.6 (cal/cm

3
)
1
/

2 
and 23.4 (cal/cm3-)l/2. All

of the transmission measurements were performed at 99
approximately 22

0
C. The error bars represent the ow

standard deviation obtained from three vapor cycles per
coating and for three separate film coatings, and exhibit 0. 96
good reproducibility. The solubility parameter for the E ... PP FILM DATA
PEM film was measured from NRL swelling data to be & . 0ot
approximately 10.1 + 0.5 (cal/cm3)/

2 , 
and that for the 97

PFP film was calculated from thermodynamic data to be
about 1I.0 (ca /cm3)./

2 . 
The detected minima in the 0 96

optical waveguide transmission for both the PEM and PFP T 6C-L "MMO1 G
films Oqcur in the solubility parameter range between 10,5
(cat/cm3) I/ 2

, and 11.5 (cal/cm )1/2, and this agrees rather 95
well with the measured and calculated values for these
two polymeric films respectively.

? 94

93
8 i0 12 14 16 18 20 22 21

SOLUTE SOLUBILITY PARAMETERS 6, (cac11'1

Fig. 2, Dependence of the optical transmission for a PFP
film-coated waveguioe probe over the same range
of organic solvent solubility parameters as shown
in Figure I. Again the solid curve represents a
least square fit to the data. The organic vapors
tested; (I) CCI 4 ; (2) C8HI 0 ; (3) C7H8; (4) C6H6; (5)
CH C13 ; (6) C3H9 03P; (7) C4 HgNO; (8) C3H8O; (9)
C2 H6 0; (10) CH 4 0; (11) H2 0.

960
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Reversible S02 Detection Using A Multiple 4. Calabrese, E. J., "Pollutants and High Risk
Reflecting Optical Waveguide Sensor Groups", Intersclence, New York (1976).
Ronald L Cook Robert C. MacDuff 5. Giuliani, J. F., WohltJen, H. and Jarvis, N. L.,

R AnaldtL.ok, Rbet COptics Lett., 8, 54-56 (1983).
Anthony F. Samells 6. Eller, P. G. and Kubas, G. J., J. Am. Chem. Soc.,

Eltron Research, Inc. 99(13), pp. 4346-4351 (1977).
4260 Westbrook Drive
Aurora, IL 60504

The harmful environmental consequences of sulfur ehetodtodo
dioxide emissions have been well documented over the "cs,"

last several years
- 3

. Sulfur dioxide enters the . ."-
atmosphere as a by-product of ore smelting, power

-
"

generation and internal combustion engines. Sulfur
dioxide, together with nitrogen oxides, are primary
sources of acid rain cotributing to deterioration .. s .
of vegetation in soils and lakes ,2

. 
In plants, the [.j .....

presence of S02 has been shown to inhibit CO2 fixa-| n"

tion, block starch hydrolysis, and cause a breakdown
of chlorophyll containing cells leading to early
foliage loss. Vegetation damage via destruction of
localized leaf tissue has been reported at concentra-
tions as low as 2-3ppm SO24. In people, both acute Figure 1. Schematic diagram for guided wavelength
and chronic toxicity of S02 has been reported

4
. Sul- optical SO2 detector.

fur dioxide is also suspected to cause mutagenic
effects as well as lung tumors and several types of
cancer

4
. Thus, there are strong incentives for

developing sensitive, reversible sensors for both
on-site and field measurement of S02.

In recent years chemical gas sensors based upon
the use of optical waveguides have been developed,
and practical devices for ammonia detection in the4 .. -

parts per billion, fabricated
5
. These devices con-

sisted of a glass tube or rod coated with an organic -
dye. Interaction of the gas to be detected with the -

coating gave rise to modification of either the film 
adsorption coefficient or its refractive index. Such
changes were detected by changes in the flux of !
internally multiply reflected light within the tube.
The simplicity and ease of construction for such
devices has encouraged us to develop an optical wave-
guide chemical sensor for S02. In the present work o o lo0 6. lo0
we will discuss the development of a multiple reflect- T, ,-
ing optical waveguide device using organophosphine-
transition metal complexes as the optically sensitive Figure 2. Optical waveguide chemical sensor response
coating for reversible detection of S02 below the to S02, (a) lO00ppm, (b) 500ppm, (c) lOOppm
5
0
0ppm range. Figure I shows a schematic of the at 60iC.

chemically sensitive optical waveguide investigated.
The device was coated with the complex Cu(PBz3 )2SPh,
which upon exposure to S02, forms the adduct
Cu(PBz 3)2SPh(SO 2) via the equilibrium

Cu(PBz 3)2Sh + S02 - Cu(PBz 3)SPh(SO 2)

The utility of this complex lies in a color transfor-
mation from white to orange on going from Cu(PBZ 3)2 SPh
to Cu(PBz 3)2 SPb(SO 2). The change in adsorbance of
the coating was probed by a multiple-reflected light z -,

beam and d2tected by changes in the light flux occur- -

ring at a silicon photodetector. Figure 2 shows the '

optical 'aveguide response towards li00ppm, 500ppm I

and lipim S 2 at 60°C. The response was fully . /
reversibli and for S 2 concentrations below 500ppm
a linear corve for the detector output signal and
102 concentration could be obtained (Figure 3). y
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SEMICONDUCTOR PHOTOLUMINESCENCE AS A 1. ANB. Ellis in "Chemistry and Structure at

SENSOR FOR GASEOUS ACIDS AND BASES Interfaces: New Laser and Optical Techniques";
R.B. Hall and A.B. Ellis, Eds. , VCH Publishers,

George C. Lisensky*, Department of Chemistry Deerfield Beach, FL, 1E36, Chapter 6.

Beloit College, Beloit , WI 53511 2. G.J. Meyer, G.C. Lisensky, A.B. Ellis, Proc.

Arthur B. Ellis* and Gerald J. Meyer, Department of the Electrochem. Soc. 1987, 87-9, 438.

of Chemistry, University of Wisconsin-Madison 3. G.J. Meyer, G.C. Lisensky, A.R. Ellis, J. Am.

1101 University Avenue, Madison, W1 53706 Chem. Soc., in press.

4. C.J. Meyer, E.R.M. Luebker, G.C. Lisensky,
The photoluminescence (PL) of etched or A.B. Ellis, in "Photochemistry on Solid

cleaved n-CdSe, n-CdS, and n-CdS:Te semiconductor Surfaces"; M. Anpo, Ed., Elsevier, Amsterdam,
single crystals is strongly affected by exposure in press.

to gaseous acids and bases that can engage in 5. CC. Lisenshy, CS. Meyer, AS. Ellis,

adduct formation (1-5). For example, exposure to submitted for publication.
S02 or gaseous carboxylic acids reversibly
decreases the semiconductor PL intensity, while 6. R.E. Hollingsworth, J.R. Sites, J. Appi. Phys.

exposure to gaseous ethers or alcohols gives small 1982, 53, 5357 and references therein.

reversible increases, and exposure to gaseous alkyl 7. P.C. Stair, J. Am. Chem. Soc. 1982, 104, 4045.

amines or pyridines results in large reversible

increases in PL intensity, relative to the intensity

in a N2 ambient. The order of PL enhancement

roughly follows amine basicity: NF
3 
< NH

3
, ND

3 
<

CH
3
NH

2 
< (CH

3
)
2
NH > (CH

3
)
3
N. Gases that interact

more weakly with the semiconductor surface,

hydrocarbons for example, do not affect the PL

intensity within experimental error.
A dead-layer model is used to correlate changes

in PL intensity with variations in the depletion
width: electron-hole pairs formed within a distance

on the order of the depletion width are rapidly swept

apart by the electric field and do not -,ntribute
to PL (6). A quantitative form of this model equates

the ratio of the observed PL intensities for two

different gases with exp(-a' AD), where AD is the
corres, ning change in dead-layer or depletion

width thickness, and a' = a + F, where a and

are the absorptivities for the exciting and emitted
light. This treatment assumes that the surface
recombination velocity is either

very large or unchanged with gaseous ambient. The
operational test of the dead-layer model is the

calculation of a constant AD value for a variety of

interrogating wavelengths and corresponding
absorptivities. Using wavelengths for which a
varied over a factor of three, AD for n-CdSe with

the above amines was constant to within 207.
The change in depletion width inferred from these

spectral changes corresponds to a shift in the work

function of the semiconductor surface, moving the
work function closer to the vacuum level for PL
intensity increases, and farther from the vacuum

level for PL intensity decreases (7).
The PL intensity changes are linearly dependent

on concentration over a modest range, although at
higher concentrations the response saturates. The

PL intensity changes upon exposure to a series of

gaseous concentrations have been found to fit a
Langmuir adsorption isotherm, providing additional
evidence for adduct formation.

We have used such semiconductor PL intensity
changes as an optically-coupled, non-destructive,

selective, gas chromatography detector, operated

in tandem with a commercial thermal conductivity
detector (TCD). For example, when a mixed sample

of hexane, n-butylamine, toluene, and pyridine was

chromatographically separated, the TCD saw all four

distinct components, but the PL of an ultraband-gap

illuminated semiconductor, attached to the column

exit port and monitored through an optical fiber,

responded only to the species that readily form
adducts with the semiconductor, n-butylamlne and

pyridine. Detection limits for such species are

less than I ug.
This research was supported by the Office of

Naval Research and the 3M Company.
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The use of luminescence probes in studies of
polymeric materials has attracted much recent interest
(1). Polypyrrole and polythiophene belong to an
emerging family of electronically conductive polymers ?o-se.. 'oFsu.'s'
which can be electrochemically redox-switched between C
the oxidized, conductive form and the neutral, insulating 0 

"
-

* 
sexaisaus

stale. Thus, the possibility of utilizing luminescence
from a probe molecule located close to the polymer
surface to report back on environmental changes during
the switching was intriguing to us. Specifically, we
anticipated that the luminescence from such a molecule --

could be reversibly modulated in a manner which tracked u

the corresponding variations in the polymer conducti vity.

The strategy is schematized in Fig. 1. Aside from
diagnostic applications, this new modulation technique
could lead to interesting applications in the chemical eondUin 1n-ul.g

sensor and optical display areas. Polypyrsola ftR.d
({osat.i (FWuW

The efficacy of this approach rests on the extent
to which the probe molecules are constrained to be
within the critical distance for energy-transfer quenching
from the polymer surface. To this end, a thin-layer , s .S-0 fc, sot~ o ssec f

luminescence cell is designed and described in this ai po, so d-oSo W 3o3 • •

paper. Proof-of-concept experiments are described for

polypyrrole and two luminophores, namely pyrene and

Ru(bpy)32+. An optically transparent gold minigrid was
used to support the polypyrrole in the thin-layer cell. In
both the cases, -90% of the luminescence from the probe
molecules was quenched by switching the polypyrrole
potential from its neutral state (e.g., -0.9 V U.
nonaqueous Ag

0
'o reference) to its electronically

conductive form (+0.5 V). Importantly, this modulation ,

was reversible and could be repeated over many cycles.

A drawback with the strategy in fig. I is that a
small fraction of the probe molecules resides at distances
beyond the critical quenching distance from the polymer
surface. To further discriminate this "background"
emission (-10%), chemistry is described to covalently
anchor the probes to the Polymer surface. Initial

experiments with polythiophene (substituted in the 3-

position) and polypyrrole (chemically modified with the
probe at the N-center) are described, Anthracene was
used as the fluorescent molecule in this phase of the

work. The starting monomers as well as the chemically
modified polymers were characterized by elemental W,

analyses, FTIR, NMR, voltammetry, and fluorescence
spectroscopy.
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ELECTROCHEMISTRY OF 3-SUBSTITUTED
(SOLUBLE) POLYTHIOPHENES

E. W. sai, S. Basak, J. Ruiz,
J. R. Reynolds* and K. Rajeshwar*

Department of Chemistry
The University of Texas at Arlington

Arlington, Texas 76019-0065

Recent interest in electronically conductive
polymers has focused on alterations of the synthetic
conditions and molecular architecture to impart
solation/melt processability of the resultant materials.
The polythiophene system, in particular, has been
extensively studied in this regard. The consensus now
seems to be that 3-position monomer substituents of
appropriate size and length afford the solubility of the
corresponding polymer in common organic solvents.
The ability to process these polymers using convenient
techniques (e.g., spin-coating) opens up a broad area of
applications. In this paper, we report on the
electrochemical and spectroscopic characterization of
poly(3-ethylmereaptothiophene) and poly[3,4-bis-
(ethylmercapto)thiophenel. The synthetic aspects, as
well as structure and electronic property correlations for
these new polymers have been detailed elsewhere (1).
Additionally, data on poly(3-hexylthiophene) are also
presented for comparison.

In this paper, we use cyclic voltammetry to probe
the charge-discharge reversibility of these new polymers.
The corresponding behavior of polythiophene and
poly(3-methylthiophene) is discussed as a "baseline"
reference. The electrochronic behavior accompanying
redox doping of these polymers is also discussed with
the aid of suitable photographs.

A new aspect addressed in this paper concerns
the irreversible passivation of the polymers when they
are driven to very positive potentials. This "over-
oxidation" behavior has been noted by other authors for
polypyrrole (2), but has received only cursory
examination for polythiophene. We will describe the
mechanistic aspects of this passivation using a
combination of the voltammetry data with information
derived from constant-potential coulometry and FTIR
spectroscopy.
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Abstract No. 670

Highly Sensitive Optical Gas Detector of Squarylium Dye were also quenched by the NO 2 molecules diffused inside

LB-film Containing J-aggregate. the film, where N02 gas was adsorbed and desorbed more

slowly. As J-aggregate is known to have a high mobility of

Makoto Furuki , Suk Kim, Kentaro Ageishi , Lyong Sun Pu its excited states, the extremely high sensitivity to detect

N02 was attributed to the high mobility of the excited

Fundamental Technology Research Laboratory, states in the LB-film, and response and recovery times

Fuji Xerox Co., Ltd. seem to be determined by the adsorption and desorption

2274. Hongo , Ebina-shi , Kanagawa , 243-04, Japan. processes of NO 2 to the LB-films.

Increasing attention has been paid to the application
of the Langmuir-Blodgett film technique, because this 0-

technique can make monomolecular layers in highly C H7\C, H,

ordered structures. There are some reports on the/C
application for electronics, optical devices and sensors. C3 H7 /C 3 H7
G.G.Roberts et al. reported on the application of 0

phthalocyanine LB-film for gas detectors
)
. High sensitivity Fig.1. SQ3"3

and fast response and recovery times were pointed out to

be merits of the LB-film. But there are only a few reports
on optical sensors using LB-films

2)
. In the present work, we

have studied optical gas detectors based on fluorescence

quenching of squarylium dye LB-films containing J- gason N021PPM

aggregate by exposure to NO 2 gas in an air atmosphere. > 1.0 a a: 0.06
b: 0.14

We found that very small amounts of NO 2 could be C

detected. 0.75 c :2.2

Propyl substituted squarylium dye ( SQ3-3 ) (fig I ) was d 05 e :17.0

recently found to form a monolayer of J-aggregate on the C e

water surface during the investigation of the influence of 0.25gas off

alkyl chain lengths on the monolayer structure of dyes. 02

The film mixed with Cd-arachidate ( 1:1 ) could be 0

deposited on a glass slide maintaining J-aggregate. The 0 5 10 15

deposited film showed a sharp absorption at 770nm, and Time (min)

exhibited a sharp fluorescence band with a small Stokes

shift ( < Snm ), characteristic of J-aggregate3l. The Fig.2. Response curves for fluorescence quenching at the
fluorescence could be generated with an excitation

wavelength between about 600-770nm. A He-Ne laser ( peak wavelength 772nr by NO 2 gases in air.
632.8nm ) and a laser diode ( 750nm ) were available for 70 "I. ,

the excitation ofthisfilm. 6
These fluorescences were found to be reversibly 60 T

quenched by nitrogen dioxide in air. As shown in fig.2, the Z 50

fluorescences were quickly quenched by NO 2 , and the 40

fluorescence intensities recovered to the initial intensity

level by eliminating NO2 . It was suggested that the 30
relatively fast response and recovery times compared with _0 20 _"

those for gas detectors of phthalocyanine film deposited n 0 ,

in vacuum, were attributed to the thinness and highly z 10

ordered structure of LB-film. With enhancement of the . 0
NO 2 concentration in the air, the ratio of fluorescence 0 0.2 0.40 5 10 15 20

change increased, and the response and recovery curves [N021 (ppm)

became slower. Fig.3 shows the dependence of
fluorescence change after 5 minutes exposure to the NO 2  Fig.3. Ratio of fluorescence change by concentrations of

concentration. When LB-films were exposed to low NO 2 gases in air for 15 layers of LB-film.
concentrations of NO 2 ( < 0.2ppm ), the dependence on

the concentration of NO 2 was large. The fluorescence reference
change was observed even down to several tens ppb. On 1) S.Baker , G.G.Roberts , M.C.Petty , lEE Proc ., 130,

the other hand, at higher concentration the dependence 1983,260.

on the NO 2 concentration became smaller.
These results suggested that at low concentrations of 2) M.Aizawa, M.Matsuzawa, H.Shinohara, Thin Solid

NO 2 , the fluorescences from dye molecules were rapidly Films, 1988 (in press).

quenched by NO 2 gas molecules adsorbed on the surface 3) S.Kim , M.Furuki , L.S.Pu , H.Nakahara , K.Fukuda ,
film of squarylium dyes, with the formation of trapping J.C.S.Chem.Comun., 1987, 1201., Thin Solid Films, 1988

sites for excited states. With higher concentrations, the (in press).

fluorescences from dye molecules in the bulk of the film
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ANALYSIS OF THE ELECTRON TRANSFER PROCESSES OF

ELECTROCHEMICAL REACTION IN THE MAGNETIC FIELD BY C

MEANS OF MAGNETOHYDRODYNAMIC ELECTRODE 
d

b

Ryoichi Aogak
5 

, Kazo Fueki+7 --

'bepartment of Chemistry, The Institute of Vocational .

Training, Aihara 1960, Sagamihara 229, Japan 4
tepartment of Industrial Chemistry, Faculty of c

Engineering, University of Tokyo, Hongo, Bunkyo-ku f '

113, Japan

Electrode reaction in the magnetic field is 7 ]/A

always followed by the occurrence of the solution

flow induced by the electromagnetic force. At the

same time, sach flow enhances the mass transfer

process near the electrode surface. In the previous

papers (1-4), it was shown that a new type of

electrode, magnetohydrodynamic electrode (MHDE) Fig. I 115S cell configatico

utilizing this phenomenon, can effectively regulate

the flow velocity to promote the mass transfer of

active species.

MHDE can be also applied to the separation of

the electron transfer processes in the presence of

magnetic field, from overall reaction involving both a
mass transfer and electron transfer processes.

Typical MHDE is shown in Fig.), which is made of 0.2/
a channel with two open ends. A pair of plane >/

electrodes, working and counter electrodes, are

imbedded face to face on the top and bottom inner tr-./

walls, respectively. Electrolytic current flows ,..o

vertically inside the channel while the magnetic field 0.1
is horizontally applied from the outside of the

channel. Whole the cell system is immmersed in a

large volume of electrolyte solution. Then, the .'>
solution starts to move by the induced c!ectromagnotic

force, entering the inlet of the channel and leaving 0 ,. . "

from the outlet. 0 2 3

If the reaction can be apparently regarded as - 2 10

the first order, the following relationship between 
1
kIA r

the current density i and the magnetic flux density

B is derived,

I/i - 1/i = 1/(H3/4C )  
1/(Bi)
I
/4 Fig. 2 Plot of 1/i vs. I!(Bi)

o for copper deposition

where i represents the current density of electron

transfe processes, C. i; the bulk concentration

of active species, and B is a constant.

v /
Figure 2 shows the plot of 1/i vs. 1/03i) in the

case of copper deposition which exhibits good / _2

lnearitp, and the extrapolation of the linear plot 72

gives the value of I
k 

. Subtracting the ohmic drop iN 3

from the total overpotential, Tafel relations were E
obtained as shown in Fig.. '0 5

Consequently, at least, up to 0.6 Wbm of magnetic
flux density, transfer coefficients measured were

consistent with those in the absence of magnetic

field.
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Fig. 3 Tfl plots fl copyer lud ill,

depositions

Curve a: copper deposition
c.urve h: zinc deposition
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Abstract 
No. 672

Preliminary Study of Sacharide Diffusion Thr h m P s To obtain separate concentration profile at particular time, Wm

M temrane is an Ecernaily Applied Magetic Field. combine the cormentration integral of Eq. 2 with Eq. 7,8 and then
integrate the error faction 15,61:

Cecal Engineering iepartment, The University of British Columbia I

xo + (x - ) (9)

Address: CheMical Engineering Department, The University of British To evaisate the tine derivative of Eq. 2 wm use a suitable conch

Columbia, Vancouver, B.C., Canada, V6T iw5. tio feution [6d:

There is little information available on the diffusivity of moeec C(x,t)dx = a1 
+ a 2 er + a

4 
t exp ( ' (10)

l- thtoug membranes in externally applied metic field ( M ). so

Lielmezs and Aleman [11 have observed that an external MP of 0.5 T
affects tConstants a1 

, a 2 , a3 and a4 are determined from five 
differentlfet h ntegrai diffusion coefficient values of electrolytes in concentration profile integrals (Eq.9) taken at differ tines,

alkali chloride - vater solution (Fig. la,b). Models [2,31, however, Tonobtain rfile iferate q. 10 w t iffre t ti t

predict smailer effect than fond. presently we study the external To obtain flux J we differentiate FA. 10 with the respect to time.

P effect on diffusion of dilute saccharlde solutions through inert lhe molar flux - sucros at the mmbrarm surface T becomes:

porous membranes by means of modifiled Rayleigh interferometer - Ia Jx- = [ a4 + .. J - . 2-- (Ir)

ser systems(Fig. 2a - d). 2 ti t312 [l- t
3
1
2 

le t

For dilute binary sucrose - voter system with constant diffusivity
and constant density, the observed diffusional process can be des- For steady state diffusion process,, thmags flux, Jso, becams the

cribed by means of one dimensional Fick's law yielding as solution sass flux throug thm ontrane. The membranm diffusivity, , ran be

an ideal concentration profile [4 - 71: lated Jxo / (C / x ) (12)

CA(xt) = f CAo erfe -' 'm free diffusion coefficient for binary diffusion is:
where erfc is a complemented error function with r = it / . J = A (J + J )-C 

F  
A/ 3 [13)

im mass flux J at any point in the cell for this diffusion process A A ( A C /3

is: 3 For dilute solutions the molar concentration of vater is linea
J = - -- C (x,t) dn (2) function of molar concentration of sucrose [6[:

it so
Eq. 2 can be adapted to describe free molecular diffusion thron an Cw y 1 CA + 1 (14)

idealized membrame (8]: skere i = 11.68744; 6E1 = 0.0553512

JC DA (3) From Eq. 2, 14 it follows that:

Using Eq. 3, Faxen [81 derived an expression for the ratio of self- JA = - IJw (15)

diffusion coefficient in a cylindrical pore, DM, to the bulk self- This study sums up the results of 23 experiments for both pore size
diffusion coefficient, DF, as: membranms and applied N rangrg from 0 to 1.25 T, 11w raw data con-

D
M  

D
F 
( 1 - 2.104a + 2.09 n3 _ 0.95 B5) (4) sisted of a set of fringe displacements taken at differentties for

each nm (Fig.
3
c). 11e fringe locations wre measured with respect

where B = BS / Rp ; the ratio of molecular to pare radius. to a datm taken at 1.0 cs from the membrane at each end of the cell.

Eq. 4 shows a decrease in tie liffusion coefficient asn n '11 canentration of sucose, constant at thmse lccations, s U%

Thew orientation Cf di laignetic molecuies in a MP is axam as -. in top and I % in lower hall of ceil. Each microcope measurement

Cotton - Mouton effect [9]. The degree of orientation of a cluster distance corresposded to a refractive index change equivalent to om

of N nmiecuiescf 
5

o , can be written an: fringe shift or oe wvelength of the laser light. 'hese data were

& , N ( used as input for data analysis.

_LN X ) 1 / j (5) Fig. 3ab show the diffusion coefficients (D1, DF) as a function of

To predict the change in the memrane diffusion coefficient for mo- W strength for both memranms. The results indicate a slight de-

lecular cluster oriented in a NP introduce parameter C in terms of crease (1 to 2%) for 3 sets of diffusion coefficients. WnLe we can-

Eq. 5as BNP : not with certalnt~r establish a definite correlation betwen the

a ( R, + F d-, )/p (6) diffusivity, D, and field strength, H; the results show, however,
that the NP has a smal but statistically significant influeice on

The experimental set-up consists of bifocal Rayleigh interferameter the diffusion process. This is brought out by Eq.6, the combination

placed between the two poles of electrumsagmt. The fused silica of Faxen's relation (Eq.4) and the Cotton-Monto effect (Eq.5). '1e
diffusion cell (Fig. 2d) has flatness of all optical surfaces at latter suggests that diffusion process in both the free diffusion
A /20 ( = 6328 A ) and parallelism better than I art second. The field and in the pores may be decreased by the application of a NP.

total vave front distortion is diffraction limited to A/4. He - Ne Faxen's relation implies that this NP effect may be larger for pores.
(Spectra Physics Model 124 - B) laser uns rated 15 oW optical out- The experiments indicate that applied P my influnce the free and
pat at A = 6328 A. Al optical bench and component holders, screws, pore diffusion processes in somewhat similar fashion. Yet, superim-
bolts and mnts were made from aluminsm and nylon. The optical posing Fig.3a on Fig.3h it appears that the free diffusion data for
bench rested on two vibration isolation platforms. Air temperature 0.8 m pore size are significantly below the 8.0 m pore size twame-
adjacent to the diffusion cell as kept within ± 0.1 C. The two rements. A series of palysaccharides (deoxyribse,ribsexylrne,

msbranes (0.8 and 8.0 pm pore size) were surface flat, maximum peak glucose, fractte,sucrose, maltoge and rafLnose) has been selected

to valley distance on the surface being less than 0.1 pm; with a to study further the applied W effect on pore aid free diffusion

pore diameter variation of 0 % to 10 Z. The diffusing solution was ptasses.
PS reagent grade secrose dissolved in doubly distilled and degassed Nomenclature: Ap=crnsectional area of pore;A,b,m=rcnstarnA,Eq.8;
voter. Vardan Associates 30 cmt Model V - 73D0 electraget ( 18 am F-geonetrical factor,Eq.6; kBoltman's constant;r-refrctive Index;
diameter pole caps, 10 cm pip width). Field homogeneity vas measured Rradins; ttime; r-distance; x-mobrane thickness; hagnetic mm-

to be better than 7 x 10 --f over the pole caps at field strength of ceptibllity; T I Tes. Subscripts: Asanrose; Prfree diffusion; M-
0.9 T. From the obtained interference patterns in the test cell memtrane; Mpmaugwtic field; 0-Lnitial; Ppor;s-slute; s=outer.
(Fig. 3 d) a corr-,- for dkflectiar rlfractiv end x prulile n(x) Referanes:LielnezsJ. and Aleman,H. ,Bioel.Bioen.5,258 (1978;

vas established [5,6]. 2. tielnezs,J., Musblly, G.M., Electrochlm.Arta 17,16N (1072).
For dilute solutions refractive index n Is Linear function of suc- 3. Fahidy,T.Z.,J.Appi.Electrochae. 13, 553 (183.4. Crk,J.,-rhe

rose concentration [5,61: Mathematics of Diffusion",Oxford U.Prves,Lndn(1957). 5. 86llnbedn,

CA - n c+ t ,wetre oc- 0.204014; &.c - 0.0271606 (7) P.H., Ranirez,W.F.,I.E.C.Pund. 13,365 (1974). 6. BoLlenteck,P.H.,

at 25' C. "A Modified Raylelgh Interferarter for Membrane Transort Studies",
Deflection effect corrections can be described by neans of sigxnld Fh.D.Dissert,,Univ. of Colorado (1974). 7. Hoell, S.K., " The De-

type functlon ( Eq. 1,7 ): ve!lniunt of Use of the Raylelgh Interferrmeter to Study Molecuar

n(x) - m erf ( Ax) + b (8) Diffusion in an Applied MWgtic Fleld".Ph.D.Disaert.U.B.C.(19R3).
9. MtretG.,Drnsmfeld, K., Physics B, 86 - 88, 1077 (1977).
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Abstract No. 673

tained on a microelectrode (figure 2). In low frequen-

MAGNETIC FIELD EFFECT ON KASS TRANSPORT cy range, the impedance corresponds to mass transport

0. AABOUBI*, i.P. CHOPART-, J. DOUCLADE*, and all diagrams can be reduced by the usual dimen-

C. GABRIELLI*, A. OLIVIER- and B. TRIBOLLET** sionless frequency a2/
3
/o

2
/Jtl/

3 
or wi

2
/D. According

to the steady state study, the dimensionless frequen-
Laboratoire d'Electrochimie et Chimie du Solids, cy is proportinal to B '3c -2/3.
U.F.R. Sciences Exactes et Naturelles, Moulin de
Is Housse, BP 347, 51062 Reims Codex - FRANCE . MHD impedance : In agreement with our analysis,

the low frequency loop is similar to the transfer
LP15 CNRS - Physique des Liquides et Electrochimie function I/a <4,5>. In figure 3, we have plotted, in

4 place Jussieu, 75252 Paris Cedex 05 - FRANCE a Nyquist diagram, the MHD impedance obtained on the

anodic and on the cathodic plateau for the same magne-

tic field and for an equimolar redox species solution
The limiting diffusion current on a steady electro- (ferri and ferrocyanide in the present case). In the

de is a function of the applied magnetic field <1,2>. low frequency range, the two low frequency loops are

In fact, the magnetic force induces a convection in symetrical with respect to the origin, in agreement
the solution and thus enhances the mass transport with the opposite sign of the corresponding steady

process. In order to verify this description, we have state current but in the high frequency range the two
developed a new impedance technique : the magneto- diagrams are ronfused. Considering these t'.,o different
hydrodynamic (MIlD) impedance which consists on the behaviours in low and high frequency range, each one

frequency response analysis of the limiting diffusion will be studied separately.

current to a si'n-Oidal magnetic field perturbation of Low frequency range ; In Bode coordinates, all dis-
small amplitude j.. -1% owing our description, a sinu-

p ngrams are reduced by the dimensionless frequencysoidal magnetic field perturbatio, 1i induces n sinu- 0B-2/3cZ2/3 (figure 41. A theoretical transfer func-

soidai velocity gradient a at the interfacs id then e c
limitingcurrent response to tion i/S to an arbitrary dimensionless frequency is

I t also plotted in dashed lines <5>. In the low frequency
I _ I (1) range the bhaviours of IDS and of the MHD impedance

"are similar.
If the transfer function S/B is supposed to be in- High frequency range : The high cr,,,.encv loop is

dependent of the frequency in the exnerimental fre- identical for the anodic and cathodic response and is

quency range, the transfer function I/B is directly a function of the frequency and is no ccre reducible
proportional to 1/S. This transfer function is well- by the dimensionless frequency.
known for people using electrochemical methods for Until now this behaviour, independent of the con-
hydrodynamical studies '4,5> and in Bode coordinates vection, is not fully understood, but the experimental

it can be reduced by the usual dimensionless frequency data suggested an effect linked to the electric field.
d2/3/2/3Dl/3 which corresponds to w62/D, where w is

the frequency modulation, d the microelectrode diame- REFERENCES

ter, D the diffusion coefficient and 6 the diffusion <1> Z. Fahidy

layer thickness. J. Appl. Electrochem., 13 (19821 553.

EXPERIMENTAL (2> A. Olivier, J.P. Chopart, J. Douglade and

The electromagnet (Drusch EAM20) has a gap width C. Gabrielli
variable up to l0en, and can generate a magnetic field J. Electroanal. Chem., 217 (1987) 443.
variablefor a 2cm gap. The cylindrical pole pieces <3> A. Olivier, J.P. Chopart, J. Douglade,
up to 2T fC. Gabrielli and B. Tribollet
have a 20cm diameter and are constructed in order to

obtain a particularly uniform magnetic field. < 3. Eetana. em. a 22 (1987 275
The experimental arrangement is described in <3> <4> A. Amari C. DeTlosis and B. Tribollet

tot. J1. Heat Mass Tranfer, 29 (19B6) 35.
and in this symposium. For the MHD impedance measure- <5> V. Ye Nakoryakov, A.P. Burdukov, O.N. Kashinsky
ments the current response and the voltage propor- and P.I. Ceshev

tional to the magnetic field perturbation are " r f meho oi sg nn

amplified, filtered and then measured by means of a "Electrodiffusion method of investigation into
the local structure of turbulent flows"

transfer function analyser (Solartron 1250). Edited by V.G. Casenko, Novosibirsk (1986).

RESULTS <6> J. Newman
Steady state measurements "Electroch,ull Sysrems", Prentice Hall,

The magnetic force (l/o i A B) induces the velocity Englewood Cliffs, NJ (1973).

gradient at the wall. In first approximation the cause
is proportional to the effect and the velocity gra-
dient a is proportional to the magnetic force and then

to B and cm (i being proportional to c,). The limiting

current on an electrode is proportional to U I/3<6>

and can be written as :

I . kD2/3c_,1/3 = 2/3 4/3 1/3
Ifk c~ =kD C~. B (2)

In figure 1, IIIl/c. has been plotted versus
81/3c /3 for various concentration and different magne-

tic field intensities. If the product B
1
/
3
cl/

3 
is high

enough all data are reduced to one curve. At very low

value of the product Bi/
3
cl/

3
, the limiting current is

constant until the effect of the forced convection due
to B is larger than the natural convection. This curve

explains the apparent disagreement between the data

mentionned in the literature <1 concerning the varia-
tion of I versus B

y 
: all exponent y larger than 1/3

may correspond to the transition regime.

Impedance measurements :
. AL impedance :'Ire AC Impedance diagram in a

Nyq,'ist plot is similar to the diffusion impedance ob-
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Abstract No. 674

INFLUENCE OF A MAGNETIC FIELD ON THE from the analysis of the response of the current in
CORROSION OF IRON IN SULFURIC MEDIUM potentiostatic regime to a magnetic field sinusoidal

perturbation (Fig. 5). The characteristic shape of
J.P. CHOPART*, J. DOUGLADE*, C. GABRIELLI**, this transfer function found when the mass transport
A. OLIVIER-, S. SAOKI* and 8. TRIBOLLET** is the rate limiting step is not found for the corro-

sion of iron under magnetic field influence at least
* Laboratoire d'Electrochimie et Chimie du Solide, in the low current active range. The interpretation

hER Sciences, BP 347, 51062 REIMS Cddex, FRANCE. of this new transfer function is in progess in this
case.

** LP 15 du CNRS "Physique des Liquides et
Electrochimie", UniversitO P. & M. Curie, t. 22, References
4 place Jussieu, 75252 PARIS Cddex 05, FRANCE.

(1) A. OLIVIER, J.P. CHOPART, J. DOCUGLADE and
C. GABRIELLI

It has been shown that the electrochemical J. Electroanal. Chem., 217 (1987) 443.
elementary processes react under a magnetic field
induction. Numerous investigations have been carried (2; E.J. KELLY
out on the influence nf an applied magnetic field on J. Electrochem. Soc., 124 (l:j) 987.
mass transport (I and ref. therein) and in particular
on the limiting diffusion current. However concerning (3) A. OLIVIER, J.P. CHOPART, J. DOUGLADE, C. GABRIELLI
the electrode-electrolyte interfaces of which the and B. TRISOLLET
overall reaction rates are not limited by mass trans- J. Electroanal. Chem., 277 (1987) 275.
port very few informations can be found in the litera-
ture. It seems that the Kelly's paper (2) published
in 1977 about the corrosion of titanium in sulfuric a
acid medium is the zijor study on this topic. In this 7 "' _ ,,,

case when the electrolyte is flowing in the cell he
found that all potential-dependent electrochemical .,too: : -t: a:': , c
processes are subject to the magnetic field effect.

In this paper some preliminary results about
corrosion of an iron electrode immersed in a sulfuric , 'tv I
medium will be given. Current-voltage curves, electro- Z _c
chemical impedances and a voltage-magnetic field .
transfer function will be investigated under magnetic , c-:
field influence.

The electrode is a 5 mm diameter iron disc t,'t -

facing upwards in order to eliminate the hydrogen - ,
bubbles when it is polarized close to the corrosion
potential. The experimental arrangement is depicted
in Fig. I. Thanks to a transfer function analyzer
(Solartron-Schlumberger) the classical impedance
(3E/5I) B , and the current or voltage-magnetic field
transfer function, (;I/hB) E or (TE/3B) can be mea-
sured by modulating either the voltage or the magnetic Fig. I Evoerimental arrangement for tne neass-
field by perturbing the current of the -lectromagnet Fig..t -f theietl roch emlimpdane ueu
power supply (3). rement of the electrochemicalimpedance under

magnetic field influence and of the currert-

In Fig. 2 are given the current-voltage magnetic field transfer function.

curves of the iron electrode in sulfuric medium for
various values of the magnetic induction. The enhan- - - --- -
cement of the dissolution current from the limiting

current plateau observed at 8 = 0 could be due to the
acceleration of the mass transport of the reactive
species. However an effect can be also detected in 300- 7 J
the low current active range (e.g. at 460 mV the cur-
rent changes from 0.86 mA to 0.65 mA when 8 changes <
from 0 to 1.2 T). The alteration of the current dis- E
tribution is demonstrated by the scheme of the 20- 67

dissolution morphology observed under B influence Z
given in Fig. 3.

The impedance of the iron/sulfuric acid u

interface has been measured under the influence of L , ;
the magnetic field. Fig. 4 demonstrates an effect of
B on the interfacial impedance within a current range - ...... I l
where it is usually assumed that there is no control o -_ 2

of the current by the diffusion process. It has to be POTENTIAL, V/S S E
noticed that the more the current is low the more
important is the effect of B. Hence it seems that the
magnetic induction has an effect on the kinetics
parameters (reaction rates, Tafel coefficients ... ) Fig. 2 : Current-voltage curves of a iron disc
and on the double layer capacity. inH 2M under the influence of a magnetic

field.

This is supported by the measurement of the
current-magnetic field transfer function obtained
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Fig. 3 Scheme of the dissolution morphology
Tnt5e active range. (a) cross view z

(b) top view. L
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Abstract No. 675

Magnetic field effect on the electrochemical R.N. O'Brien and K.S.V. Santhanam, Electrochimica
reduction of anus Zn2

+ 
in the presence of Aca, 32, 1679 (1987).

paramagnetic ion

R.N. O'Brien

Department of Chemistry,
University of Victoria,

Victoria V8W2 Y2,
Canada

and

'.S.V. Santhanam

Tata Institute of Fundamental Research,
Bombay 400005,

India

The electrochemical reduction of aquo Zn
2
+

has been studied galvanostatically at current
densities ranging from 0.10 mA cm

2 
to 7.0 mA

by using the cell Zii/ZnSO4/Zn, and operating it at its
natural pH, under the influence ofthe imposed magnetic
field strengths ranging from 0.09 to 0.50 T in the V-
position, C/A-position and A/C-position. The
convective contours are visibly defined in the V- and
A/C-positions. The extent of convection in the C/A-
position is negligible in the presence of the applied
magnetic field.

Previous papers (1) reported the observation
and analysis of the magnetic field effect on the
electrochemical cell, Cu/CuSO4 /Cu with the plane
parallel electrodes oriented in the vertical configu-
ration. By the use of multiple beam laser interfero-
metry a series of distorted fringes in the V-position
were generated at the electrode/solution interface
upon application of an external magnetic field. This
effect was also observed when the anode was placed
over the cathode (A/C) configuration; in this
configuration the magnetic field operated to reduce
the apparent convection. The fluid density differ-
ences in the different regions of the cell caused by
the electrolysis produces the effect. The hydrodyna-
mic effect would be expected to be minimal when the
cell electrodes are oriented in the cathode over anode
(C/A) configuration. A reduced mass transport effect
was in fact observed which was postulated as arising
from the characteristics of a paramagnetic fluid6with
a view to obtaining further support to thispostulate,
we investigated the Zn/ZnSO4 /Zn system (Zn

2  
is d)

by introducing the paramagnetic ions into the medium;
Mn

2+ 
(d

5
) and Cr

3 + 
(d

2
) were selected as they can

satisfy thermodynamic considerations. A mixture of
electrolyte with the composition of 0.1 M ZnSO4 and
0.1 M MnCl 2 or 0.1 M ZnSO4 and 0.01 M CrCl 3 in the
above cell produces significant deviations in the
diffusion layer relaxation and in the development of
concentration-time profiles, which are presented in
this paper supporting the paramagnetic fluid postulate.

The fluid velocities in the reduction of Zn
2 +

under the imposed magnetic field are estimated at
I cm/s to 7 cm/s. The diffusion layer relaxation was
followed by the fringe shift, after the electrolysis
had been terminated. The relaxation mechanism appears
to be as low rotational and translational movement of
the paramagnetic fluid in the C/A position.

References

R.N. O'Brien and K.S.V. Santhanam, J. Electrochem.
Soc., 129, 1266 (1982).
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Abstract No. 676

MAGNETIC FIELD EFFECTS IN THE BULK OF The sloped front conforms with the dire tion of the
AN ELECTROLYTIC CELL Lorentz force.

Denise LAFORGUE-KANTZER *\t the separation surfa(e the coloured ions conrentra-
University of Reims Champagne Ardenne tion changes radically to a value close to cero.
BP 347 - 51062 REIMS C6dex FRANCE

\ hen electrodic ionic product is heavier as the solution.
Our first aim, twenty seven years ago, was to test a it descends down a wall ot the cell and tends to go up the

hypothesis (l) on the protonic conduction. If it was true, an other wall depending of the direction of the Lorentz force
effect, similar to the "Hall effect" might appear in acidii which is nov applied to ascending charge carriers. The
solutions and the expected magnitude for the "Hall rvoveinient leases a central colourless zone.
voltage" V

H 
should be in the range of 104-105 times the

calculated salue from the iobilities of tables. Effectirel, Several authors describe hydrodvraniir niosements i

the value measured, in the presence of a permanent magneto-eleitrolyse cells.
magnetic field perpendicular to a direct current 1, accord
with the expected value. VH increases linearly a ith the If; - Temperature map in the cell
value (B magnetic field strenght), is in inverse proportion
to the acidic concentration and to the thickeness (fle o Very small gradints of temperature ('T 0.0I"C) ,as

millmetrs)of he aralele ipe c c ll.obserted in the bulk of an ele( troly tic (:ell (Cu/C2uS , /Cu)niillhinierersf of the para I Ielep iped ic c.ell.
set in a heat-insulating box. In a point of the electrols te

Then, galsanomagnetic transverse and thernomagnetic the temperature \ary of ' '.T according to the sign of IB or 1.
transverse effects as ,w,'ell a "concentration transverse The sign of I'T is not the sarne in all the points. Thetrnsereefecsaswela onenrtin rosere effects are reprod~ucible. A, t ridimensional rap of
effect" (i.e. difference of the ionic concentrations

ireasured beta een the tao sides of the (ell) hi\e been temperature has been dray n. The smiall inhorogen 'rit 0l

inrestigated bv several roworkers (2) on .(cids, bases, and temperature induces change inl the ntral onoection, but

salts, in aqueous or alcoholic solution. and onl molten salts. no motion was obsers d.

The results are coherent and in ac-ord with those of other - Chemical equilibrium
authors.

Chemical equilibrium (an be displaced in presenie of
Theoretical miroscopi( approaihs hae been made. magnetic field. For example, in tie case of H1FOI

, ahen
using the nagnetic field is first estabiushed, the neasured "Hall

%oltage" increases, then decreases shoving to plateaux
I' the classical statistical iiecharucs 1) (al ter before the final stable 'alue : it seems that the

H.L. FRIED%'\N) electroiagnet m erergy pernits tao dissociations.
2' the kinetic theory (4) (alter P. \IEG-,M LT and 1.

PAGESI. - A way for explanation

The fiiiroscopic models of electrol, te are different, In some res irked cases, hsdrodianric tmiotion is

howeier the "Hall constant" • fj
1  

[( nrei,2 i. nf ," '1
_  

certainly for a part : From the first equation of drnaniic
In,, ei, p, being respvctlel nrmber, rharge and obihits, or a ronrogeri'os sr tem wrliour 'herIl reactuion It

o appears that, if the liquid is initially at the equilibriumof the tion). Froum the first approa hi , e xp ( .'.t / KT), :., ' ) eoe te ip te a n t( (or elc ti) ied a
depending on the s iscosity ; froni the second \, : I is a s.e 0i. before the input of magnetic (en lectrief field, a

funI tion correlated with the kinetic energy of the i ton. speed aould be necesary iritiated v-Iner B for c I is a tplied

Calculated are on the range of I0. The kinetir theor ard the tume recessary for a stable rreasurerer is tre
permit to calculate the terms of the tisorial transport tiie necessary to e,tabIish a new equiflibrium state. That
poefficie i-an explain quahtaticelv, the transient.roefficrents as function of 15 arid

Se explain separately (iqualtatuselr or quantitatuerI)
At the first approxmation, theoretical and experrtrt- each relieved point.

tal results are in good accord, although the ele( trol te is But for a general theory . it is necessars to consici; the
supposed quasi-infinite diluted, quiet and hornogeneous. energetic whole balance and also to take into arcount the
Nesertheless several experimental features rermain results of the microscopic theories. The a o f tihe
unexplained by the theories. Nariely thermod nanns of the irre,.ersible processes appears the

best way. R. HAASE (5) has studied "the rrat1cT ii
- By the measurement of the "Hall voltage" eIectromagnetir field" but, unfortuinately, his h\pothees

Alr'rost stable values oCur after trarricert during are not all (ornrie nt for the present case and a ,, to
several minutes (or hours) and an rrieasuirenents are adapt the theory to our problen.

ne(essars to deterrrne the most probable salue. References

. The measured VH in(reasng linearly as the productEn
Ill ntrease arises a r raximun, alie, then decreases and .G. PERrIuImLT and 1. INET. C.. i. Parh 2(2.

ran rhange of sign. f04 096f)
I). LAFOIRGIE-K\NTZEt, Lie, tro(h. lta 14,. Sb's I'(s)

I or the low speed of ions, it call trot reserse aith the 2I
rrienw, aon of the riugrreti( field ard not he a linear 2. M. AMMAR, [). NfC ELLN,-O LLER, L. LE',L:f1, CQ,
hinn-tion of B\ ("anor,-l O'fe(tI"). r_. %ILLEP,, (C. NICOLLIN. \. OLIVIER. N. PIEF Dire\Pal

TRAN CON, K., E. TRONEL-PENRO.7

- Aspect of the cell 3. TRAN K'ONG K. Thesis - Lyon (')(,))

fir tIre airr to urdertarnd tfis pheno enra, the bulk irf TR ,' CON(, K.. \. L \FOff 'E. 1). L \FOR "I [
the ilef troltic (solitiion or Molfter saltsl) hs been -K,4NTZE., Elecro(fh. N( t.i 17, 1 1 9 ' I ibid I I I1
obserseuf. photographed and filmed : or ( olour'd "us aus (1972) m and ref mio
ntrod ed tr the cell. or a 'oloured nri eli"trodfi h. E. TRONEL-'L ffOZ Thesi - Pten:. Ib'V'S)

pridu, t t .n diffuse. hen ( oloured i ons prigress ftrm the A. OLIVIER Thesu' -f ll- (1979' )
bmttrn of i sertiiil 'ell id fro , a zo re outsude thur E. TRONEL-L'ES 11 R .tf . OIlnldll, 1. (hit . !'h .,.

rragne i, field. the horl/or tll front (Il di fft .siion slop'
,  

,27 (1934) ird rel. tlo
inlliedily 11 i thre rlaguetiu hield and stops dur ng ''reral
tun e, hefore they go up slowly alig e a ll u ,f tihe . R. 115S

1,  
lh('uod ..... 1k I i' ru'ues i Phliru ' '

ell. Fir i-etrn'h ti 'ollf ('rla - [S ir hI itlu
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Abstract No. 677

loll Effect in dilute el. Lr lytc 1-1 solutions ciont is: b211-l' RIwlere is the fluid vscestvh

P.:rard,.;&eard,7.Ptetnand E.J.Piard the ion radiusThe Hubbard-Wolynes theory leads to tile

Laboratoire de Recherche sur l'Effet Hall,Universitd value l=0.71,the Kroh-Flderhof and tile Sung-Friedman

Pierre-et-Marie-CurieU...Application do la Physique one to h=0.75 for perfect slip (=/
3

).Qh I.

Teur 46,,placv Jussieu,75
2
52 Paris Cedex 05,France Depending on tile Hall ionic number vclue arbitrari-

Introduction. ly clousen to calculate the set of ionic number values
In Hall effect experiments one measures the transv- one may prudently conclude that:

crsc e.m.f.which appears when an isotropic conductor for water the theories doesn't seem to fit,since,if
is subjected to crossed electric and magnetic fields, the h values for the cations are near to 0.75 (in the
Fihe Hall voltage V is V=RIh/d'2,(l),where I is the al- limits of errors),thc values for the anions are defi-
rernating r.m.s.longitudinal current,B the perpendicu- nitely lower than 0.75,whatever is the assumption that

lar alternating r.m.s.field,d tile thickness of tbe co- has been made.
nductor and R the so-called Hall coefficient, for methanol:the assumption which seems the best is

Hall effect measurements in electrolyte 1-1 dilute h(BPh4-)=0.75;h(Cs+)=O.75 seems acceptable too.
solutins suggestedkl ) that one has to postulate for acetonitrile:one observes a regular growth for
0e esistence of two kinds of ionic mobilitics:the or- cations and anions for hlPh4 -)=.75,and one may noti-
dinars electric (longitudinal) mobility -. and a tran- ce too that the difference between the cation and an-

averse magnetic mobility - We then define the Hall ion values is much less marked than in water.

ionic number h=v.iuThe Hall number of thee olotion As a general conclusion,it seems that the structu-

is h=tLh.+ - t-- = Rine =(u+v+ - u-v-)/(u+ u-) (2); ral effects which are not taken into account in a cev-

n is the density of the charge earriers;e the electro- tinsun model play an important role.Anvway,our results

nie charge;t, the cation or anion transport number.We are not accurate enough,for the prrsent,to go beyond
say express the Hall number h in terms of the ionic in their interpretation,and particularly,they don't

equivalent conductivities N :h=(\h-i.h_)/(l++\-_). afford one to choose between the theories in presence.

(3). To end this extended abstract,we would like to give
a result of recent measurements of the Hall effect of

Thperimental aspects, acids in water,which are not yet published:the hHt0O
)

Tbe enperiments have been carried with alternating value for HCl solutions is hlHbO+)=O.ll whatever is
i: two frequencies have been used:243.75 Hz and 487.5 the assumption that has been retained,confirming the

Hz,which give,with alternating B (75 Hz) four Nall very peculiar behaviour of proton in water.
voltage frequencies 168.75 Hz,31

8
.75,

4
12.50,5b

2
.50 Hz v

respectively.The blockdisgram of the experimental de- 1I M.METON,P.GERARD ,Chem.Phvs.l.etters,44,number 3,
vice is given below. 

19 7
6,p.

582
-
58 5

.
We have used parallelepiped-shaped cells with plati- 2 .lfERARD,P.6ARD,M.MfT0.E.i.PlCAHD,..Acd.lc.

nim electrodes,tlhe electrolyte specimen dimensions be- 
Paris,t.sO0,Syrie II,n

5
11, P9

8
5.

ing:width:8m ;length:3.Scm;thickness:l .2mn ,0 .79m (in 
P, t.AR ,.erARD , n.E 1,E .

pure silica)and Snm (plexiglass) respectively. Purist.
29 7 

112 dlcembre 1983).

rhe Hall cell impedances lie between a few tens and I1 J.B.HUBBARD and li.WOLYINES,J.Cbem. Phvs.75,3051
a few hundreds of k., and the Hall voltages between a 11981).
few nV (around ten) and around 200 nV. 4 91 H.J.ROH and l.I.PEIDRHOol.Phys.1987,VoI.62,

Measurement results. N°5,109-I 105.

The Hall numbers are directly derived from the Hall 5 .SUNG and HI..FRIEDMANJ.Chem. Pvs.87(1)lJlv
voltage measurements (1,2).Since h is a linear cmbi- 1987.
nation of h+ and h-,(3),for a 1-I solution,one cannot 6, H.J.KROH and B.U.FEILDERHOF,preprint,september 1987
calculate the Hall numbers h, and h- (one equation for
two unknowns) .In the same way,if one measures the Hall
number Is for two salts X+A- and X+B

- 
,whatever may be i

the cation X+,one obtains two equations for three on- r-e
knownist is thus necessary to assume a value fer one

Hall ionic number. ,

Salts in water selVant L:I salts. (Table I)

We had assumed first (!11) that hP:)l.(CoI.1) V--7I' _ r

I.ater on ( 2) we assumed h(Cs+)=O.71.(2nd cloumn "4 T, "

To take into account recent theories of cte Hall 

vffect in electrolyte solutions which predict in

is =0.7-, for slip boundary conditions for any 1-1 salt NQtiuarte esci llator:square Tr.B Tr.l:transfor-

in dipolar solvat, we iay assume h(Cs+)=t0.75 (olumn waes l950 Ho. ners.
3) or Ihtl(h-0O.75 leoluon 4). N/26 and N/8 :frequency

Salts in methanol solvont:22 salts (table 2) dividers by 26 and 8 J > low noise pre-
" ampl i fier.

SIlts is acetonitrile: 18 salts (table 3). 9 and I:band-pass filters ](A-B) :subtract r

theoretical aspec ts-Interpretation of the rvsul ts. (AS) :mult ipl ier H and I:digital

The ioni, Hall nimhers I. may be writ ten =L',, od t :po amp lifier -voltmeters

or h=.li.h,without thet indices ',where '.h gives tile inje-lr il H:lock-in amplifier

fluev of the solvant.Most of our results show that
ih<1 and this may be enpiained by supposing that the

lerente for:-, ting on an ion in t solvent is odifi-

ed (diminished) 1y ti-. a,;tion of tilL solvent.So one

e.i writs : F=q(E+hIv X j)wIrre q is tIe ch icrg of

the ion,v its wilieity.rrue recent theories oil tile

Hall effect in electrolyts I I solutions ( l , , 5

lead to the simple fori:h=-(: .)(-I ,/ wher, is this

static di.letric ,,nstart of the salvrntand C() is
. no rical ,,, ffi,'ient whit, I depends only ol the iy-

d,lidvami . ip piramuetr,rogrdliss of ie:: i h,'ar1 ge,
i.c'r s,:lvent visc rsity fh, Stoks frit no: c .ffi-

q;.:



1 2 3 4
Li* 0.86 0.87 1.03 0.80
Na' 0.78 0.79 0.88 0.74
K' 0.71 0.71 0.75 0.69
Cs. 0.71 *0.71* *0.75* 0.69
Me4NI 0.78 0.79 0.91 0.73
EtHN 0.89 0.91 1.14 0.80
Bu6 N' 1.21 1.27 1.89 0.95

F- 0.52 0.53 0.61 0.49
Cl- 0.55 0.55 0.59 0.49
Br- 0.57 0.57 0.61 0.55
1- 0.58 0.59 0.62 0.57
C104 0.61 0.61 0.67 0.59
BPhA-  *1.00* 1.05 1.64 *0.75*

Table I :ionic Hall numbers in water
*0.71*:assumed value for the ionic Hall numbers

calculation.

1 2 3 4
Li* 1.03 0.95 1.05 0.82
Na

+  
0.89 0.82 0.90 0.72

K' 0.75 0.70 0.76 0.63
Cs+ 0.75 *0.71* *0.75* 0.65
Me4N 0.80 0.78 0.81 0.73
Et4 N 0.85 0.82 0.86 0.76
BuN+ 0.95 0.87 0.97 0.83

Cl- 0.77 0.72 0.78 0.65
Br- 0.76 0.72 0.77 0.65
1- 0.71 0.68 0.72 0.63
C10- 0.70 0.67 0.70 0.63
BPh4- *1.00* 0.90 1.01 *0.75*

Table 2 :ionic Hall numbers in methanol

I L 3 4

Li
+  

0.68 0.71 0.77 0.53
Na' 0.66 0.69 0.74 0.54
K
+  

0.66 0.69 0.73 0.56
Cs

"  
0.69 *0.71* *0.75* 0.59

Me4N+ 0.70 0.72 0.75 0.62
EtN 0.80 0.82 0.86 0.70
Bu4N' 0.97 1.02 1.10 0.78

8r- 0.63 0.65 0.68 0.56
1- 0.67 0.69 0.71 0.60
C104- 0.70 0.72 0.75 0.64
8Ph 4 -  *1.00* 1.06 1.16 *0.75*

Table 3 :ionic Hall numbers in acetonitrile
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Abstract No. 678

THE ENHANCING EFFECT OF MAGNETIC FIELDS ON CONVECTIVE
FLOW PATTERNS IN AN ELECTROLYTE VIA FLOW VISUALIZATION

Augustina Lau* and Thomas Z. Fahidy

Department of Chemical Engineering

University of Waterloo

Waterloo, Ontario N2L 3G1 CANADA

The study of free convection flow patterns
generated at con.flex surfaces in an electrolyte, and

in the presence of magnetic fields via flow visuali-

zation indicates that strong vortices, bifurcating
flow and highly specific propagation profiles can be
created [1]. Figure I shows a typical convective flow
movement generated at a sphere in the presence of a

uniform horizontal magnetic field of 260 mT flux
density. At the onset of electrolysis, two bra,..,es

of flow are generated at the top and bottom of the
spherical catnode, both whirling around it. At the
same time, a separate branch is formed at the top of
the cathode which propagates diagonally downwards to Figure 1. Convective flow generated at a spherical
the centre of the cell and finally splits into smaller cathode in the presence of a horizontal magnetic
branches swirling away. Such records obtained for a field of 260 mT flux density.
number of characteristic cathode shapes depict clearly

the enhancing effect of magnetic fields on convective
flow patterns in relation to the shape of the solid/

liquid interface.

The magnetic field vector behaves very much like
the vorticity vector in the theory of fluid mechanics F=.01 F=.05 F=.10 =.25

[2]. it has been shown [3,4J that the magnetohydro-
dynamic(MHD)body force F, a measure on interaction
between the current density J and the magnetic flux

density B, is a predominant factor in determining flow
behaviour. Figure 2 shows typical initial MHD body

force-density distribution curves for a spherical

cathode with an imposed uniform horizontal magnetic F
=
.50

flux density of 120 mT. Since initial inhomogeneities
become more pronounced upon convective flow propa-

gation, such curves indicate sufficiently the combined
effect of cathode shape and magnetic field strength: E7 .005 F=,75
due to initially present nonuniformities, highly .75

specific propagation patterns are generated and
locally strong anisotropies result in strong local F=l 0
turbulence. These results may he potentially useful 0
for the design of electrolyzers, mixers etc. with VF=l 25

predetermined flow propagation patterns.
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Sciences and Engineering Research Council of Canada.
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Abstract No. 679

THE EFFECT OF CHLORIDE ION ON ELECTROLYTIC

CODEPOSITION OF COPPER AND GAMMA ALUMINA

IN A MAGNETIC FIELD

F. Brace and J. Dash

Department of Physics tW-M

Portland State University
P.O. Box 751

Portland, Oregon 97207

If the conductivity of electrically neutral

particles differs from that of an electrolyte, then

there is a net force on the neutral particles during

electrolysis in a magnetic field (I). It appears

that this net force makes it possible to codeposit

gamma alumina particles during electrolysis in a

magnetic field, whereas the same particles may not

deposit without the presence of a magnetic field.. ..I

This research shows that codeposItion of copper and

gamma alumina In a magnetic field i' possible from an

electrolyte containing up to 5 x 10 ppm Cl . Hig. I. Apparatus for codeposition of alumina and

whereas previous work showed that gamma alumina could copper In a magnetic field. T e electrodes

not be deposited at Cl concentrations above about were insulated except for I ca on the

5 ppa (2). bottom of each.

The codeposition of copper and alumina Aas
carried out in an electrolytic cell composed of twt
copper electrodes. Flg. I. The active area on each

electrode was 1 cm on the lower side. The re-

mainder was Insulated. The electrolyte contained 30

ml of 0.5 N H SO 
and 0.5 N CuSO SN 0 ' Thist5 M 4' 2 t

was altered b t addition of varying amounts of

chloride ion. Four ml of 0.05 jm gamma alumina

(Buhler Ltd. polishing alumina) also was added to the

electrolyte. This powder settled to the cell

bottom. A magnetic field of 8 kG normal to the

0.1 A cell current caused the alumina to rise from

the cell bottom and disperse in the electrolyte (3).

After plating for 10 minutes. the cathode deposits

were cleaned ultrasonically in methanol. The

morphology was determined with a scanning electron

microscope (SEM), the composition was determined with
an energy dispersive spectrometer (EDS). and the

crystalline forms present were determined by x-ray

diffraction (XRD).

Fig. 2 shows the morphology of the deposit made

with 720 ppm Cl In the electrolyte. The angular

particles are CuCl. The material in between these

particles contains about 2 at. percent gamma alumina.

Previously it was suggested that gamma alumina =L=PM.

contains residual CI from the manufacturing

process (2). This is thought to be adsorbed on the Pig. 2. Deposit made from electrolyte containing
alumina, thus producing anions. We suggest that the 720 ppm Ci . EDS showed that the angular
net magnetic force on alumina particles may strip crystals are CuCI and that the spot Opposite
adsorbed Ci from the surface and permit these the arrow contains about 2 at. percent

particles to deposit on the cathode, alumina.

References:

I. A. Kolin. Science 117, 134 (1953).

2. G. R. Lsksheinsrayanan et &l., Plat. Surf. Finish
63 (4). 38 (1976).

3. J. Dash et al.. Extended Abst. ECS. 168th

meeting, 1985. p. 327.
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Abstract No. 680

ELECTRODEPOSITION OF Ni-Fe IN VERY hours at 250C in inert atmosphere. This
HIGH MAGNETIC FIELDS anneal relieves internal stress but does
J. Dash, Physics Department not change deposit grain size. After this
Portland State University, anneal, the deposits were again examined
Portland, OR 97207 by x-ray diffraction.

and The full width at half maximum (FWHM)
L. T. Romankiw, IBM Thomas J. Watson of the Ni-Fe 200 diffraction line versus

Research Center, P.O. Box 218, atomic percent Ni in the deposit is
Yorktown Heights, NY 10598 plotted in Fig. 1 for all of the plating

experimental conditions, before and after
Ni-Fe alloys were deposited from an the stress relief anneal. The FWHM value
aqueous electrolyte of simple salts of at the tail of each arrow is the result
Ni and Fe and other chemicals, as before and the value at each arrowhead is
described in U.S. Patent 4,102,756. The after the stress relief anneal.
cathodes were 1 cm diameter Pt foils
attached to a rotating disc electrode in These data show that a rotating cathode
a manner similar to that described by with or without an applied magnetic field
Horkans (1). The anode was a 3 cm gave relatively stress-free deposits of
diameter Pt foil with Ni mesh spotwelded the highest Fe content and smallest crystal
to the surface which faced the cathode size. Dcp-its made without cathode
during plating experiments. For each rotation but with magnetic fields applied
experiment 40 ml of fresh plating solu- during plating have higher Ni content and
tion was placed into a glass cell of 4 cm larger crystal size. The deposits plated
O.D., in which the anode was on the bottom, at 5 kG without cathode rotation had the
This cell was positioned on a stand in a highest Ni content, the highest internal
5 cm gap between 15 cm diameter polepieces stress, and crystal sizes about 1.5 times
of an LDJ Model 9500 electromagnet. The as large as those plated with cathode
rotating disc electrode with attached Pt rotation.
cathode was lowered into the cell to a
position about 3.5 cm vertically above The CE was about 85% for all deposits.
the anode. With this arrangement it was The remainder of the current produced H2.
possible during plating to: (a) rotate Sites where H2 polarized the cathodes were

the cathode, (b) apply a magnetic field revealed by SEM and EDS.

while rotating the cathode, or (C) apply , t l e p

a magnetic field to a stationary cathode. M pnet Rotation

Experiments were performed (a) with the RtM,
cathode rotating at 200 RPM and no applied 0200 RPM)

magnetic field, (b) with the cathode :7 . -200 RPM * 5 KG
rotating at 200 RPM and an applied magnetic -
field of 5kG, and (c) with a stationary
cathode and an applied magnetic field at 0
some fixed value up to 19.6kG. The .
plating time for each experiment was
30 minutes with a constant current of 0
4.7 ma. Plating was done at room
temperature (about 25°C). r'-.

After plating, the deposits were
analyzed for Ni and Fe by x-ray fluorescence
with a Tracor-Northern Spectrace 5000,
using 25 kv incident x-rays. The current
efficiency (CE) was determined from the
deposit weight and composition. X-ray oo
diffraction data were taken from each
specimen with a Siemens D-50C x-ray
generator and diffractometer which was
automated to a computer. A Cu x-ray tube w
was operated at 40 kv and 30 ma to produce 060

a beam which was monochromated with a 80 a, SQ

graphite monochromator. The data were a'
processed using programs written by
A. Segmuller. The morphology of the Fig. 1. Full width at half maximum of
deposits was examined with a scanning 200 in Ni-Fe alloys for various plating
electron microscope (SEM) equipped with conditions. Values at arrow tails before
an energy dispersive spectrometer (EDS) and at arrow heads after annealing.
for microchemical analysis. Reference: J. Horkans, J. Electrochem.

Differences in diffraction line widths Soc. 128,45 (1981).
were evident from the x-ray data. In Acknowledgment: The x-ray data were taken
order to determine whether these by J. Karasinski of IBM T. J. Watson
differences were caused by differences in Research Center,
grain size or by differences in internal
stress, the deposits were annealed for two
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Abstract No. 6ql

MAGNETIC FIELD EFFECT ON ELECTRODEPOSITION
OF METALS. REFERENCES

3.P. CHOPART , 3. DOUGLADE , P. FRICOTEAUX () T.Z

C. GABRIELLI-, A. OLIVIER* and B. TRIBOLLET . FAHIIY, 3. App). Electrochem., 13 (1983), 553

(2) A. OLIVIER, J.P. CHOPART, 3. DOUGLADE and
* Laboratoire d'Electrochimie et Chimie du Solide C. GABRIELLI, 3. Eleitroanal. Chem., 217 (1987), 443

U.F.R. Sciences - BP 347 - 51062 REIMS C6dex FRANCE (3) S. MOHANTA and T.-, FAHIDY, Electrochim. Acta, 21

-L.P. 15 du CNRS Physique des liquides et Electrochimie (1976), 149
Universit6 P. et M. Curie, t.22, 4 place Jussieu (4) R. AOGAKI, K. FUEKI and T. MUKAIBO, Denki Kagaku,
75252 PARIS Cedex 05 FRANCE 43 (1975), 504

For reversible redox systems, an increase of the (5) A. OLIVIER and T.Z. FAHIDY, 3. Appl. Electrochem., 12
limiting currents by a magnetic field is now well known (1982), 471
(1-2 and ref. therein). We have undertaken a study of (1) C.I. NONINSKI, V.C. NONINSKI, V.1. TERZIYSKI,
electrodepositions of copper, zinc and nickel because such Estended abstracts of [SE., 2 (1932). 939
systens allow investigations of magnetic field effects on

charge transfer so we present there the experimental (7) E. CHASSAING and R. %IART, Electrochem. Acta. 29
results which were obtained for the whole current-voltage (1934), 649
athodic curves and we discuss the influence of a constant

iiiagnetic induction on both mass transport and charge
transfer for metallic electrodeposition.

Experimental c.'

At first, the working electrode which is in vitreous
.,rbon (0 2 mm) is recovered by the studied metal. The

therrniostated cell is inserted into the electromagnetic gap
(lR( 'CH E...M. 20 G or L.M.M. 85) so the constant and
coniiinuouos. horizontal niag'etic induction lines are parallel
to the working electrode surface. Solutions of ZnO - KOH,
CiuS , . H2 SO and Watts baths are used for Zn, Cu and
\i deposits. The potentiel of the three electrodes cell is
controlled by means of a conventional potentiostat
(,OL-ARTRON 1286) arid measurements are carried on a
tra-sfer function analyzer (SOLARTRON 1250) Fig.l.

Results
Fig.l Experimental arrangement () potentiostat, TFA)

I Mass transport : Fo. Cu and Zn systems, the transfer function analyzer, (CE) counter electrode,

experinienta] results show arm important increase of the (WE) working electrode, (RE) reference electrode.
hIniting currents when rmage,>,. ivs ah is applied in close (pp) polar pieces.
agreenient with the literature (1-6) Fig. 2,3. Whatever is
the temperature in every case, the limititn; urrent IL is
proportional to ,

1
/3. For the copper system we notice that

the higher the concentration of electroactive specie C and to

the magneti fIeld the better the proportion which ILbears to C431j /3.

2' Tafel potential region * The influences of a
ruagnetic field on deposition arid dissolution overvoltages 2
in the Tafel potential region has been very rarely t CPO

inestigated (6) although it is espacially interesting. So we
study the deposition of copper and nickel in the region
%here mass transport is not the rate limiting step. In this
case, for the same overpotential the current is different in
presence and in absence of magnetic field. As it is evident
on the Fig.4 for the copper the stationnaray current 0,!
increases with the value of the field. This result is also •
noticed with the A.C. inpedance measurements shown in
Nquist plot Fig.5. The Tafel's area is more extensine with
riagnetic field.

Ns it has been shown without magnetic field (7), the
product of the charge transfer resistance by the current is 0,3
onstant but does not seem different with this field Fig.6. Melal

If the results concerning the rass transport are those Fig.2 Variation of the lntiting current v.ersus the
that waited, those cor(ierning kinetic processes must be magnetic flux density in the case of CuS4C in
onfirnied arid explained by further experiments as \I.H.D. H2SSO4 1.3 M
... iperlinies. I C 0.5 % ; 2 C 0.1 % ; 3 C 0.05 N1

4 C 0.01 M
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2. N.Ph.Bondarenko, E.Z.Gak - Electromagne-
Electromagnetic Microhydrodynamics of tic phenomena in natural waters. Lenin-

Aqueous Electrolytes Irad, Ghidrometeoizdat, 1984, 151*p.

N.Ph.Bondarenko, E.Z.Gak Xin Russian).

Agrophysical Research Institute 3. E.Z.Gak, V.S.Krylov - Effect of a magne-
tic field on a charge and on a mass

Leningrad, USSR transfer for the electrolyte moving in
narrow interelectrodes &aps. Elektro-

The modern hydrodynamics is based on the khimiya, 1986, v.22, i.6, pp. 829-834
concept that the medium is continuous. By (in Russian).
different estimates the linear dimensions 4. T.Z.Fmhidy - The application of plasma
of a layer thickness where discontinuity dynamics to the study of flow generation
can take place of the medium rheological, in magnetoelectrolysi. Electrochimica
electrical and magnetic properties is in Acta, 1978, v.23, p. 549-555.
the range from 0.1 to 100 m. It was pro- 5. A.Olivier - Contribution a l'4tude des
posed by Batchelor l Ito place the fluid effects magneto4lectriques en solution
motion phenomena occur ng in these layers aqueuse. These, pr4sent4e 4 la facult4
into the microhydrodynamics, as a branch des sciences. Universit4 de Reims, 1979,
of the hydrodynamics. 256.

For the topics to be discussed at the
symposium of major importance are the pro-
blems relating to the magnetohydrodynamic
and magnetohydrostatic effects which take
place during a simultaneous action of the
electric and magnetic fieldi on electro-
lytes. In this report frme theoretical as-
sumptions and experimeniml work are con-
sidered of the phenomena developing in
thin layers under the action of these
fields. From our viewpoi"4 it is 2or Wnis
body of similar phenomena that the term
"electromagnetic microhyd odynamics" sug-
gested by us can be used 2-3 •

The following phenomen8 are likely to be
included in the area of concern of this
branch of the physico-chemical hydrodyna-
mics: the phenomena observed in the phase
interface area of the liquids 'lowing or
being filtered under the action of the
electric or magnetic fields; the appearance
of a velocity component perpendicular to a
wall during a vigorous dissolution of me-
tals; various phenomena in the phase inter-
face area (electrolyte-air) resulting in
local changes of the surface tension values
and as a consequence causing instability of
an interface.

It should be noted that a salient fea-
ture of the phenomena entering into the
electromagnetic microhydrodynamics area
manifests itself in a somewhat unusual
energy redistribution in the system which
does not contain ferromagnets, that is, a
local energy redistribution in the system
without its significant change in the sta-
tionary magnetic fields. A microscopic
nature of these effects resulting in ap-
pearance of the mass pressures of a macro-
scopic nature is determined by the change
of the ions pulses during their transla-
tional transitions in magnetic fields.

The presence of an electric or some
other field giving rise to a force gradient
just reveals this effect. In this case a
macroscopic parameter change occurs, for
example, a stable or a vortex fluid motion,
a wave motion L2,3,4J or in case of the
geometrically-closed systems, the. cange
of the medium local temperatures i 5,

References

3.K.Batche~or - Developments in the
microdyna.mics. Proceedings of the 14-th
IUTA.' International Congress on theore-
tica] and applied mechanics. North
Holland Publishing Co., 1977.
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The Prospects of Using Magnetohydrodynemic References

Effects in Electrolytes to Control 1.E.Z.Gak, E.E.Rokhinson, N.Ph.Bondarenko
Charge and Mass Transfer Processes - Peculiarities in the change of elect-

E.Z.Gak, E.E.Rokhinson rode processes kynetics in the electro-
lytes in a stationary magnetic field.

Agrophysical Research Institute Elektrokhimiya, 1975, v.11, i.4, pp.
Leningrad, USSR 529-534 (in Russian).

2. N.Ph.Bondarenko, E.Z.Gak, E.E.Rokhinson

The mass transfer processes in electro- - The effect of magnetohydrodynamic
lytes differ from the systems in which a phenomena in electrolytes on kynetics of
charge sign of the desired component is the heterogenous processes. Elektronnava
not significant. In the electrolytes in the obrabotka materialov, 1977, i.4, pp.
electric and magnetic fields concurrently 62-66 (in Russian).
with a mass transfer a charge transfer 3. Iwakura, T.Edamoto, T.Tamura - Effect of
takes place. This feature of the magneto- stronger magnetic fields on electroche-
hydrodynamic (MHD) effects makes it pos- mical reactions. Denki Kagaku, 1984,
sible to use them for controlling the ca- v.52, No.10, pp. 654-658.
thodic and anodic electrode processes. De- 4. A.A.Korchaghin - Effect of an external
pending on the initial parameters both an magnetic field on a surface roughness of
electrolysis intensification (an increase the X15 steel during its electrochemi-
of the lL.i iuj _ thr ag!, the cal treatment. Elektronneya obrebotka
electrolyte) and an absence of the effect materialov, 1982, No.5, pp.9-12 (in
or a considerable decreae of the current Russian).

density are possible L
1
-3s. 5. T.Z.Fahidy, Magnetoelectrolysis. J.Appl.

The MHD effects, similar to a convec- Electrochem. 1983, v.13, pp.553-5
6
3.

tive diffusion, can significantly change 6. A.Olivier, E.Tronel-Peyroz, T.Z.Fahidy,
the rate of a wide range of the processes D.Laforgue-Kantzer - The thermal beha-
depending on the flow hydrodynamic charac- vior of a magnetoelectrolytic cell. -
teristice (electrolysis, electrodeposition In: ISE meeting. Ext. Abstr. Zurich,
of metals, cleaning of liquids, biotechno- 1976, No.29.
logy processes and many others L4-61 ). In 7. E.B.Gledzer, F.V.Dolznansky, A.M.Obukhov
contrast to a forced mechanical convection, - The hydrodynamic-type systems and their
an MHD convection makes it possible to use. Moscow, NauL-, 19R1, 336 p. (in
carry out a more thorough liquid mixing Russian).
down to the electrode and boundary layers
which usually remain unaffected by a mecha-
nical convection. It is connected with the
fact that an MHD flow velocity is directly
proportional to an electric current densi-
ty which takes on the largest values at a
phase interface and close to the electro-
des. During the model tests in the elec-
trochemical cells a critical M11D fluid mo-
tion was determined at which the maximum
increase of a critical current through the
electrolyte is observed down to a complete
removal of the diffusion limitations. A
critical velocity Vkp corresponds to an
unstable motion mode. At V = Vkp a laminar
motion changes to a turbulent motion. Be-
cause of a direct connection between the
hydrodynamic, electric and magnetic pheno-
mena a practical possibility has appeared
of simulating both the linear and nonli-
near hydrodynamic motions. The use of ex-
ternal magnetic fields opens up possibili-
ties of controlling a convective transfer
velocity in electrolytes, which is used
when simulating hydrodynamically unstable
proces ej in the atmosphere and in the
ocean L7•

In the last few years the prospects
have appeared of obtaining the superhigh
magnetic fields on the basis of the super-
conducting materials under normal condi-
tions. It opens new ways in using the MHD
effects.

The use of high-intensity magnetic
fields will make it possible to control not
only delivery and removal of the reagents
but also to affect both the passage of
charges through a phase interface and the
nature of ionic hydration and dehydration
directly in the boundary layers.
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Molecular Imaging with the Tunneling and
Force Microscopes - The Relation to

Electrochemistry

C. F. Quate

Edward L. Ginzton Laboratory
Stanford University
Stanford, CA 94305

The Tunneling Microscope used with a conducting
substrate and the Force Microscope used with an
insulating substrate provide us with opportunities for
studying atomic and molecular structures on solid
surfaces and at liquid-solid interfaces. The two
instruments add new dimensions to our ability to study
surfaces and interfaces at the atomic level. The
instruments were originally used for the study of
electronic structure on well characterized surfaces of
semiconductors and metals with and without
adsorbates. More recently the work has been extended
to the study of organic molecules. These studies
include individual molecules deposited from liquid
and mono-molecular films laid down with the LB and
with self-assembly techniques. The work also includes
the study of long-range order at the interface between
a solid and a solution of liquid crystal material. In
some of the more interesting cases it is possible to
manipulate single molecules with the intense electric
field between the tip and the substrate.

In this talk we will concentrate on the imaging of
molecules. We will point to the potential for studying
processes at electrode surface and at the electrode-
electrolyte interface. We will review the progress that
has been made with molecular films with long-range
order and illustrate how these molecules might be
manipulated to achieve a desired result.

984



Abstract No. 685

STM OBSERVATION OF NANOSTRUCTURE OF ELECTRODE
SURFACES

Kohei Uosaki and Hideaki Kita

Department of Chemistry, Faculty of Science,
hokkaido University, Sapporo 060, Japan

If one wishes to understand thouroughly
the mechanism of chemical reactions which

take place at solid surfaces, it is
essential to know the structure and

electronic state of the solid surface with
atomic resolution. Most of the techniques

which give information of atomic resoluton

developed so far can be used only 
in vacuum

and no method to observe the solid surface in
solution with atomic resolution is available.
Scanning tunneling microscopy (STM) can,
however, revolutionize the electrochemical
research, since it can provides atomic
images of solid surfaces even in solution.
In this study, STM was employed to
investigate, either in situ or ex situ, the
structure of electrode surfaces and to follow
the various electrochemical reactions.

STM used in this ctudy was NanoScope I
of Digital Instruments with Pt-Ir or W tip.
For the operation in water, glass insulated
Pt-Ir tip was used. Lateral resolution of r
the STM system was confirmed by observing
atomic corrugation of HOPG.

Metal deposition is one of the most b
basic elzztrzc'-'icl reaciton and it is
very important to understand the mechanism of
this process. Metal is often deposited on
relatively inert electrode to improve the E
catalytic activity. in buth c-es, the a
information of surface structure of the
deposited metal is very useful. Glassy
carbon (Tokai, GC20) was polished by A1 203
powder down to 0.05. and sonicated in water
before it is used as electrode. The
electrochemical deposition was carried out in X/59nm

a solution containing K 2PtC6 (5mM) and
1 S04 (1M) by pulsing the potential from .600
m to -400 mV (100 is) then to 1OlmV. The
amount of deposits was controlled by changing
the time kept at +100mV. Fig. 1 shows SEM
and STM images of Pt/GC (Pt: 15.1 ug/cm

2
).

Pt particles of ca. 301,50 nm are seen in the

SEM and STM pictures. The closer look of STM
shows each particle consists of smaller
particles of less than 10 nm. Thus, it is
proved that STM is a very useful tool to
study the metal oeposition process.

Other systems investigated include
structure of Au on Nafion deposited either by
vacuum deposition or by electroless plating,
in situ observation of structure change of Au
electrode caused by potential cycling and
structure of etched and metal treated
semiconductor electrodes.

This work was partially supported by x/lo0n
Japan Securities S-holarship Foundation.

Fiq. I SEM(a) and STM(b,c) imaqes of

Pt/GC. Pt: 15.1 ,q/cm
2



Abstract No. 68b

here. From the voltammogram, it is reasonable
New Electrochemical Scanning to expect electrodeposition of Ag to be almost

Tunneling Microscope and Its Application completely prevented on the tip electrode.
A in Fig. 2 shows an image obtained when the

Kingo Itaya potential of the HOPG(E ) was held at 0.25 V

Department of Engineering Science vs. Ag/Ag'. The electroeposition of Ag is

Faculty of Engineering inhibited at this potential. It is clearly
Tohoku University, Sendai 980 JAPAN seen that the surface of the HOPG is perfectly

flat at the magnification shown in Fig. 2.

Scanning tunneling microscopy (STM) and After taking the image of A, the potential
related techniques have rapidly been finding of the HOPG electrode was scanned at 10 mV/senormous aplication fields for surface top - to the negative direction and held at -0.1 V.

enrmusapliatonfild fr urac tpB shows a typical image obtain~datteOG
graphic imaging and analysis on an atomic Bih a typial 0 at the HOPG

scale in various environments. Atojic with an Ag deposit of 1 nC/cm . Note that the

resolution has been achieved for samples in tunneling tip was not disconnected from the z-

ultra-high vacuum (UHV), air and even immersed feedback loop during the electrodeposition.

in aqueous solutions. Electrochemically de- That is, the tip was continuously scanned over

posited Au and Ag have been investigated mnan the surface during the deposition.

electrochemical cell by Hansma et al. 11,2]. It is now possible to image the elctrde

However, the present STM generation is surfaces in coniet n-situ observation undr

still based on a two-electrode cell rrrange- the potentiostatic condition.

ment, where electron tunneling occurs between Immediately after the image B in Fig. 2

the sample and the tip with a tunnel voltage, was observed, the potential of the HOPG was

In the most eleu-ocbumical measurements with scanned to the original value of 0.2 V where

a two-electrode cell, the working electrode all Ag deposit was completely stripped off the

must be coupled with a reversible reference HOPG electrode. Again, atomically flat surface

electrode in order to maintain the potentio- appeared, as shown C in Fig. 2. The tunneling

static condition. Nevertheless, it seems to tip was again continuously scanned over the

be very difficult to fultill this conditiun surface during the dissolution of Ag.

for STM with a two-electrode cell arrangement. The above results strongly encourae us to
Instead of a two-electrode configulation, a explore the applications of t.is new generaton
three-electrode cell has frequently been used of STM to the in-situ observation of electrode
in electrochemical experiments with an instru- surfaces in electrochemistry.
ment known as a potentiostat. The electrodeposition of other metals su-ch

We are showing a new system wherein each as Pt, Zn, Cu, and Ni is now under investi-
electrode (sample and tip) is independently gations. STM studies of semiconductor/li:u-d
controlled with respect to a reference :!,ic- junctions are also represented here.
trode potential. This system offers a new References
capability for complete in-situ observation of 1.Drake,B;Sonnenfeld,R.;Schneir,J.;lansma,'.K.
electrode surfaces in electrolyte solutions Surf. Sci. 1987, 181, 92.
under the potentiostatic condition[3[. 2.Sonnenfeld,R.;Schardt,B.C. Appl.Phys. 'Ltt.

Figure 1 shows an electrochemical cell for 1986,49,1172.
the four-electrode configulation.The electrode 3.ltaya,K.;Tomita,E. Surf. Sci. in press.
potentials of the sample (WE) and the tip(Tip) 4.itaya,K.;Sugawara,S. Chem. Lett. 1987,127.
can be simultaneously controlled with respect
to the reference electrode (RE). The principle - . Schematic iLlut
of the electric circuit for a four-electrode ration of the elect -

cell is already well known and the device, ration of. th

called a bipotentiostat, is used in some chemical cell foi th-

electrochemical experiments. The tunneling four-electrode crttinu-

current is sensed as a voltage across a resis- ration.

tor with a PAR 113 preamplifier whose output -
is fed into a z-piezo feedback control ele-
ctronics. The tunneling tip is a glass-covered -
Pt electrode. Pure Pt wire with a diameter 15
pm was directly sealed in'o a soft glass
pipette. The electrochemical background
current, not the tunneling current, was only
about 0.1 nA at v=5 mV/s in a potential range A i
between -0.1 and 1.0 V vs. SCE in a 0.1 M
lSO4 solution[4). '

For a demonstrative experiment, the le-
ctrochemical deposition and dissolution of Ag - .
have been investigated with the new instrument.
The deposition of Ag was carried out in a 0.1
M HC10 4 solution of 5 mM AgClt(4. Figure 2
shows a cyclic voltammogram obtained on a bas a I
plane of freshly cleaved HOPG electrode. The
electrodeposit ion and dissolution(stripping)
reactions are cleirly observed at the negative
and positive potentials vs. Ag/ Ag'. 10O- Ox

has-d on the elctrochmica result shown
iii Fig. 2, the STM nf,rasire-merits wir( carried Fq.2. A cv it a !111< in a 0.1 ' 1 1)
0Ot with the apparatus described ahov(e. The .f'i .N A l I t !n L) t I1 ii -rO t "
il,et ro.t)1 pot,,ntial of the tip M t ) I as shown, f , mM Aq( ,104 'i mn and Mi1-1l. !

it F'i,. 2, was kept at a <onst'int valu( of 0. In he same so lo . , , %, i-, . 1

V vs. A,;!/A fror ll m, ,, m ns repri.sl ' ] al' all tlh' jaml i t 
I

1
'

I
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electrode potential to -0.2 V or more
In-situ Scanning Tunneling Microscopy positive one caused an out of control in

(STM) of Semiconductor/Liquid Interface the Z-direction.
The above result suggests that the

tunneling phenomena would depend on the

Eisuke Tomita and Kingo Itaya electrochemical potentials of n-Tie , as
expected, and the critical point of
tunneling should be near the flat-band

Department or Engineering Science potential.
Faculty of Engineering From a Mott-Schottky plot, the flat-

Tohoku University, Sendai 980 JAPAN band potential was determined as -0.25 V
vs. Ag/AgCI in a 0.1 M KC1 (pH 4)
solution.

The variation of the tunneling
current was measured, under a potential

STM images of the Si(111)-(7x7) scan of the semiconductor. The electrode
surface were obtained by Binnig et al., potential of n-TiO was scaned from -0.5
iemonstrating the first look at the V to 0 V. The voitage applied to the Z-
atomic structure of this surface under piezoelectric element was abruptly
UHV conditions [1]. changed to almost the full voltage when

However, atomic resolution of STM has the electrode potential of n-TiO2 reached
also been achieved for samples in air and at about -0.25 V. The observed critical
even immersed in aqueous solutions [2]. point of the tunneling current, -0.25 V,

It is reasonable to expect that in- was consistent with the flat-'and
situ STM should applicable to an potential measured by the Mott-Sc ky
understanding of what happens on various plot.
electrodes in liquid phases at the atomic We have carried out the same
level. For this purpose, the electrode experiment at different pH. The flat-
potential of samples must be controlled band potential and the critical point of
with respect to a reference electrode, the tunneling current were shifted by

The apparatus, we constructed, offers about 60 mV/pH between pH I and 9.
a new capability for complete in-situ We have also investigated various
observation of electrode surfaces under semiconductor electrodes such as p,n-Si ;
potentiostatic condition [3]. n-ZnO and p, n-GaAs. A similar

This paper will report a work of the coincidence between the flat-band
in-situ STM study of semiconductor/liquid potential and the critical point has been
Interfaces. It is well known that a observed.
semiconductor-liquid junction is a In conclusion, we obtained, for the
similar to a semiconductor-metal one so first time, the fact that the tunneling
called Schottky junction, and that the currents were strongly dependent on the
valence band and the conduction band are electrochemical potentials and the band
bent downward or upward depending on the structures of the semiconductor
electrochemical potential of the electrodes.
semiconductor electrode [4,5].

A va iatior. of the band bending leads
to a change of the carrier density at the
semiconductor surface. Therefore, it is References
expected that a tunneling current may
change according to the band bending of 1. G.Binnig, H.Rohrer, C.Gerber, and
the semiconductor surface. E.Weibel, Phys.Rev.Lett., 50,120(19831

An in-situ STM consists of a teflon 2. B.Drake, R.Sonnenfeld, J.Schneir, and
cell, a piezoelectric tripod, a glass- P.K.Hansma, Surf.Sci., 181, 92 (1987)
covered Pt tip, . Ag/AgCl reference 3. K.Itaya, and E.Tomita, Surf.Sci., in
electrode and a Pt counter electrode, press.

The. electrochemical potentials of the 4. H.Gerischer, Advances in
tunneling tip and the sample were Electrochemistry and Electrochemical
slmultaneously controlled with respect to Engineering ", Vol. 1, 139 (1961)
a An/Agel reference electrode. 5. A.J.Bard, J.Flectroanal.Chem., 168, 5

A single crystit n-TiO 2 (001) was (1984)
'zximind as a first example. The surface
wI; c t'h iln a coscentratd I2SO

4  
at

A00 c.
Wher the potentials of t ip and sample

wre set at 0 V and -1 V vs. Ag/AqC],
r spct i'l, y, the tunnel inq current
I l w ei I-ry st ably. FTM imaqe showed a
flot surtAo "t I .

}Iweevr, wi-n (potnt , lal of the
I-ricotd'ict o e'il-nq, d to 0.4 V , thii

t n1.lini cirrI,.t turned to be unstable
dl I ll A images could ,ot be

li':! I'h i;q'S of t he



Abstract Ne. 688 The clean surface was found to be stable

over prolonged periods of time, if the sam-
ple potential was kept in a range where no

Atomic Scale STM-Studles of an Electrode specific adsorption occurs. Comparative
Surface under Potential Control studies of an adsorbate covered surface or a

surface following an adsorption-desorption
T.Twomey and D.M. Kol cycle thus can, in addition to identifying
Fritz Haber Institut der M.P.G. adsorbates by STM, demonstrate the effects

Faradayweg 4-6, D-1000 Berlin 33 of the above processes on the substrate

topography.and

In the presence of adsorbed CI- additional
J. Wiechers and R.J. Behm structures give the impression of a more
Institut f. Kristallographie 'noisy' image, as seen in figs. 2b and 2d.
Univ. Minohen These structures reversibly disappear after
Theresienstr.41, D-8000 MUnohen 2 desorption. This observation was confirmed

Germany in a number of experiments, the extra fea-

tures thus must be attributed to the ad-
Atomic scale imaging is perhaps the most sorbed Cl- ions. Though on this scale indi-
direct way in order to gain an understanding vidual adsorbed ions cannot be resolved, a
of the microscopic mechanistic concepts of significant effect in the STM scan origina-
reactive processes. Scanning Tunneling Mi- ting from a change in the electronic charge

croscopy (STM) provides an elegant and for distribution and thus in the tunnel current
in-situ observations on electrode surfaces in front of such an adatom is in good agree-
at present the only way to gain direct ment with theoretical considerations 6].
structural information on that scale. The
STM images of a Au(111) electrode under Subsequent desorption recovers most of the
potential control presented here allow the original topography of the substrate, but

identification of atomic structures and of orgnltprah of hesbrtbu
teire dification in atom e rc ur e s a d s fa e some distinct modifications can be detected.
their modification in the course of surface First of all there is an apparent smoothe-processes or reactions. ning of the flat terraces, In fig. 2 e.g. a

It had already been demonstrated that the number of little hillocks, mostly on the

STM can operate in liquids [I], and the topmost terrace, are removed already by the

basic concepts for its application in elec- first adsorption-desorption .,ycle.

trochemistry under well defined potential
conditions were recently described h,, Lus- Further modifications concentrate on steps.

tenberger et al. [2]. The microscope used Their shape was repeatedly seen to vary in

here is a modified version of a very rigid the course of such cycles. In fig. 2 this

"pocket size" STM which was demonstrated to effect can be followed at the two monoatomic

achieve atomic resolution on a closed packed steps which originally proceeded almost

metal surface under Ultra High Vacuum (UHV) linearly through the imaged area, while

conditions (3]. For this work the sample was after two cycles they exhibit significant

replaced by a little macor container repre- fine strueture. Likewise the the

senting the electrochemical cell, which bottom of the image is reduced in size bv

holds sample and electrolyte. In addition to additional material at its right hand side.

the classical three electrode setup the tip
acts as a fourth electrode. Its potential is In consequence this and similar series of

kept constant with respect to the Pd-H refe- Images Indicate that already the mere pro-

rence electrode and thus to the potential of cess of halide adsorption-desorption affects

the electrolyte. The Au(1 11) sample was the substrate itself. These processes must

prepared by flame annealing, further details cause an intermediate enhancement in the

concerning the experiments can be found mobility of the substrate surface, resulting

elsewhere [4]. In characteristic modifications of the ter-
race edges, i.e. of the atomic scale topo-

Part of the flame annealed surface is cha- graphy of the electrode.

racterized by extended flat terraces, which
are separated by mostly monoatomic steps Acknowledgements: One of us 'T.T.) grate-

(flg.1). Other areas are more structured, fully acknowledges financial support by the
typically either in form of continuous Alexander von Humbo'; Foundation.
slopes including a large number of narrow
terraces or by Irregular features. References

The atomically flat, extended terraces have 1. Propceedlngs of the First Intern. Confe-

a size of several hundred Angstroms in ave- rence on STM, Santiago de Compostella,

rage, Which is at least comparable to what Surface Sdt. 181 (1987)
Is found for well prepared surfaces under 2. P. Lustenberger and H. Rohrer, R. Chris
UHV conditions and in good agreement with toph and H, Slegenthaler,

Electron Microscopy observations on flame J. Electroanal. Chem. 243, 225 (1988

annealed surfaces 151. The steps generally 3. J. Wintterlin, H. Brune, H. Hpfer and

follow low Index directions; averaged over R. J. Behm, J. Appl. Phys. A (in press)

several images the threefold symmetry of the 4. J. Wiechers, T. Twomey, D. M. Kolb and
substrate Is reflected also by the step R. J. Behm,
orientations. In the STM image In fig.1 the .1. Electroanal. Chem. (in press'
two main step directions form Re angle 5. J. CanuIlo, Y. UrChda, G. Lehmpfl .

-120, which can be s;en In a projert on of T.Twomey and D. M. Kolb,

the Surface So. 188, 1e (.07,
6. N.D. Lang, Phys. Rev. Lett. 58, 1', 11Q'
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Fig. I STM Image (273Oft*273OA) of a freshlY
prepared Au(111) in 0.05M H2S011 at rest
potential.

izoA 2o

Fig.? STM image (3000A*3000A) of a flame
treated Au(1ll) electrode In 0.*05 M %2 0 4
5 mM NaCi. The STM images were ta en at
follow Ing po tentla: (a) at 250 mV, (b) at
700 mV, (c) at 250 MV, (d) at N00 mV and (e)
at 250 my.
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SCANNING TUNNELING MICROSCOPY IN COMBINATION take into account the thickness of the reduced
WITH SCANNING ELECTRON MICROSCOPY TO STUDY region from voltannnetric data, the surface available

ELECTROCHEMICALLY PROCESSED SURFACES is able to increase the reaction by the measured
amount.

L. Vdzquez(+), A. Bartolomd(+), A.M. Bard(+) The new results obtained from STM-SEM
C.Alonso(*), R. Salvarezza(*)(&) combination on gold electrodes allow for the first

A.J. Arvia(**) time to correlate the data of both microscopes. SEM
images corresponding to the activated electrode show
brain-like channels covering the whole surface and

(+) Dpto. de Fisica de la Materia Condensada, C-Ill grains of 100 A diameter. By changing the parameters
(*) Departamento de Qulmica Universidad Autdnoma de of the electrochemical reaction we are able to modify

Madrid, 28049 Madrid-SPAIN. the activity and to correlate with the microstructure
(**)INIFTA, Universidad Nacional de La Plata, Sucursal measured by both microscopes. From this we can

4, Casilla de Correo 16, 1900 La Plata ARGENTINA. definitely rule out the influence of the brain-like
(&) Permanent address: INIFTA, ARGENTINA channels in the reaction. We are also able to see the

superior detail of STM with respect to SEM. This is
clearly shown by comparing SEM images of two

The recently introduced Scanning Tunneling differently activated surfaces which are barely
Microscope (STM) (1) represents an important advance distinguishable. STM data show with great detail the
in the measurement of surface topography at the formation of grains of 100 A more characteristic of
nanometer level. The instrument possesses the columnar structure typical of a deposition
simultaneous high horizontal and vertical resolution process in the case of a highly activated surface.
and furnishes three dimensional real space images of When the activity goes down, the grains increase in
the surfaces of solid conducting materials, by size, and the resulting surface of the grains
working under vacuum or atmospheric pressure (2) or smoothes out. These results give additional support
liquids (3). to our model which suggests that the important

channels are those which are between the columns grown
In this work we present some STM topographic during the reduction process.

images of electrodes subject to various
electrochemical treatments. The objective of these
measurements is to gain insight towards a more Acknowledgements.
microscopic description of electrochemical processes.

The authors are indebted to the following
The electrochemical treatments we have studied people: to N. Garcia for his stimulation, to R.

are related with modifications of the surface, Garcia for advise, to A. Buendia for skillfull
obtained by applying to the electrode a fast square technical assistance, and to J. Gdmez and J.M. Gdmez
potential cycling in acid solution (4). Previously for help in data acquisition and image processing.
reported results indicate the ability of STM to Finantial assistance by CAICYT trough contract
obtain relevant information with superior detail on P86-06O6 is also acknowledged.
the processed electrode surfaces. Electrochemical
facetting is characterized by the observation of flat
compact terraces surrounded by ridge-type structures References.
brought about by atomic steps (5). During the initial
stages of this process, the surface topography 1. G. Binning and H. Rohrer, Rev. Mod. Phys. 59,
develops in the form of clusters along a preferential 615 (1987).
orientation yielding later to the ridge-like 2. A.M. Bard, R. Miranda, J. Alamn, N. Garcia, G.
structures. This indicates a substantial increase in Binnig, H. Rohrer, Ch. Gerber and J.L. Carrascosa,
the diffusion rate of metallic species in the Nature 315, 253 (1985).
electrolyte or on the surface. 3. R. Sommerfeld and P.K. Hausman, Science 232, 211

(1986)
A substantial problem inherent to STM is its 4. A.C. Chialvo, W.E. Triaca, A.J. Arva, J.

limited scanning range (- Ipm). This limitation is Electroanal. Chem. 171, 303 (1984).
important in this case because of the non 5. J. Gdmez, L. Vhzquez, A.M. Bard, N. Garcia, C.L.
homogeneous nature of the electrode surfaces. in Perdriel, W. E. Triaca and A.J, Arvfa, Nature 333.
order to solve that problem we have deve'oped STM 612 (1986).
instrument in combination with a normal Scanning 6. L. Vdzquez, A. Bartolom, R. Garcia, A. Buendla,
Electron Microscope (SEM) which is able to provide A.M. Bard, Rev. Sci. Instru. (1988).
simultaneously with images by the two microscopes(6). 7. L. Vdzquez, J. Gdmez, A.M. Bard, N. Garcia, M.L.

Marcos, J. GonzAlez Velasco, J.M. Vara, A.J. Arvia,
We have been measuring by this new instrument J. Presa, A. Garcia and M. Aguilar: J. Am. Chem.

gold electrodes which have been anodically oxidized Soc. 109, 1730 (1987).
and subsequently reduced. This results on a higher

catalytic activity.

Previous STM results obtained on a platinum
electrode show that the increase of activity cannot
be explained by an increase of the real surface
area. This area can be measured quantitatively from
STM data and the results show that the area increase
is not higher than 20%. The topography is in the form
of a domed structure with size 100 A in diameter (7).
These results suggest a model which relates the
increase in activity to the participation of the
volume below the surface which would be accessible to
the reactants. A simple calculation shows that if we
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Steps towtard atomic-reso.'ation studies ofitmetal suifaces in
aqueous solutions

Richard Sonnenfeld*, Owen \Ielroy, ((urinder Sinigh
arid Joseph (;ordon I I

IBM4 Research Division, Almaden Research ('eoter
San Jose, California 951201-199

Jo pres bus work. it has been demionstrated that scanning tip ool advance, thus providing a scaled elect riivheiicalI cell.

tunneiling miicroscopes (S'IXIsi call operate at atomic or We hope to be able to obtain atonic-resolution gold imvages in
nanotticter resolutioti in water and aqueous solutions uip toi a this cell, and thus to advance a second step toward tmeaninigful
concenitration equivalent to I MI ssaC. 1.2.3, vet thc detailed elect rochenicalI studies on) gold (IIi1.
atiomic informaution about metal surfaces % ieldcd b% S I sv s i References
ultra-high vacuumi environimeint,, 4 is so far unrivaled b%
S I Ms out or such ettinrments. O~ne could hope ultimsately 1)I R. Sisrtield and P.K. I larisma. Science. Vol. 232. 211

to learn a comparable amount about surfaces treated b (1986).
electrochemtical techniques from an S I V operating in solution. 2s IV.. Liui, 1.-R.F. Fall. C.W. Ilin. atid AJ. Bard, . Ams.

A first step toward atonsic-ressilution studies of-metal surfaces Chiem. Soc.,Vol. 1019, 3S38. (19).55
in aqueous solutions is atiomic resolution in air. We are among I)R. Sonneotbld and B.C. Schardi, AppI. Ilhys. leti.Vol. 49.
tile groups to have reproduced the recenst very excititng discov- 1172 (li 986).
mc by liallmark et Al. 5 that close-packed, unreconstructeid 4)(. Ilinig. 11. Rohrer. (h. (jerber. aind L.. Weibel. Pliss. Re,.

gold atoms can be imaged on a II I) gold surface iii aitbiet Leti.Vol. 49, 571(19821.
air. We see a simple-hexagonal atomic structure with a 5)V.\h. IHalltmark. S.C hiang. il>. Raholt,.D1. Sicalen. and R.
nearest- neighbor spacing wIch is consistent with 2.0 A tio J. Wilsotn, Illhts. Rev. Leit.. Vol. 59. 29791 (198- h
within 10'!.. Ihe images are consideralh mtore difficult to 601. (rtstal Growth. Vol 10,. 1030971) Surf. Set.. \Vol. 6. 30.9
obtain thtan atomic-resolution imtages of graphxite. I ypicakl\. (11)(s

7
) .

tie are required to electropolish several tungsten tips in oirder 71p. Schroer arid I. Becker. IBM J. Res, De%_. Vol. 3)). 543
to prodoce otie that will give the necessar3 resolution. bsst whets (1986).
otie is i)btaimed it seems to work almiost imnnediatelv. While it
mtis vet be round that freshl% prepared samples gise thre best
results, we were able to obtain atosmic resolution oit gold sato.
pies tht had been expiosed to room air for six months alter
fabrication. *1ltis further testifies to S I M's5 relative insensitivits
to ambient cositarmisatiost.

I0 nimake the substrate, Grade V. 2 (bs AS I M.- standards) green
mica is cleaved with a scalpel arid DI1 watcr. I he fresly
cleaved surface is held at 300'C in a vacuum deposition chaiti-
bee I-or one boor before thermal esaporition of' gold begins at

5A setc to a total thickness of 2sito A. After deposition, the
substrate is allosced to coiol radiatis el for sev eral hours to-
8ht'f before vcoiting to dry, air. ( these surfaccs have been aea-
kied in the past skith LLED11 and X-rav diffraction and found
to be picrxstalline lIll cI th grain si/es of oirder ()s iTurnis ,

l ie liege. atonicall hlat terraces ish these substrates are also
excellent tentplates lor local surface noosificattito stuiie. B%
appsitig 2.9 V (positive or negative) pulses to thc Tip. see are
able to produc hemispherical niouinds on thie surfasce kcith 12
not characterisic dimension. I tie procss is reproduceable
enough that one can wirite a desired pattersn (c g. letters if thle
alphabet) its a dot matrix form on tire substrate. A5 liquid ct -

ering the surface is require(] for this application, niodifivatuoti
dto sriot secem to be possible is ;iir alnse. Ilo late, ice blasec used
perfluioriikerosenes and periluLOritisited psiltethers. No evidence
of tire tislecules thermelvs lhas eser beeti seent. We hasc
prisduced these changes with Pithl':s a% short as Sit )t. though
itNpica pulse lengths are I s.

fOr S IMX is a hybhrid of the D igitail I ittrutnent Nanoscope'
and] ,'i 1.-A I drivcin data acquisition anid iisvgcerricessing
packasge ichi interfaces s ia sthe Scuenori t ic Soiuitionii
1 ahibtiser 7 .We basec instegratedl it with a thusec-ccsrohe

Cleviruehiennical cell of nousldcshsugi A 20i put laser oh
cc ih ne if) thle Lcl is trapped beissecit lie %iuti mtid a ti

tsiilethrolciic fil. tilie polketlitln cit liii is pisure Ilk the
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Scanning Tunneling Microscopy of

Vapor-Deposited and Electrodeposited
Metals

Christopher E. D. Chidsey

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

The STM provides a new degree of resolution and
simplicity in the study of metal deposition processes. Such
features as monatomic L.cpz, dislocaAt.ns, grain
boundaries and grain topographies can be mapped at the
growth surface without extensive sample preparation.
This capability to examine surface morphology and the
opportunities it provides to understand film growth will be
illustrated with the classic epitaxial system of gold on
mica [1]. Work in progress to extend high resolution STM
to the electrodeposition of silver on gold will also be
presented.

Gold vapor-deposited on mica near room temperature
consists of ({ll)-oriented crystallites about 500A across
with rounded tops and random in-plane orientations. As
the deposition temperature is increased, the crystallite size
increases. The crystallites also develop flat tops with
widely spaced monatomic steps and occasional screw
dislocations. At these higher temperatures, the
orientation of the crystallites becomes epitaxial with the

mica. An understanding of the roles of nucleation density
and surface diffusion in film growth allows control of the
surface structure. For instance, the formation of many
small nuclei at low temperature followed by deposition of
the majority of the film at high temperature leads to
surfaces free of large topographic features and flat to tens
of angstroms over microns. In contrast, deposition of gold
on a thin silver underlayer on mica using the same
thermal treatment results in large gold crystallites with

pronounced grooves between them. The lower density of
crystallites is ascribed to the higher mobility of silver than
gold in the initial stage of film growth.

1. C. E. D. Chidsey, D. N. Lolacono, T. Sleator and S.

Nakahara Surface Science (in press).
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Surface Modification and Spectroscopy with The last feature is very important in this
the Scanning Tunneling Microscope experiment since it has allowed us to measure

a large number of combinations of tips and
Alex de Lozanne samples in a short time. The spectroscopic

Department of Physics measurements of a LaI 85Sr0 15CUO4_ bulk
University of Texas at Austin sample with a tungsten ip[4] Sow a g p-like

Austin, Texas 78712 structure with a value of approximately
A=12mV. The superconducting transition

1. INTRODUCTION temperature, T , was measured resistively on
We review two of our recent developments in a sample from he same batch, giving an onset
scanning tunneling microscopy (STM). The of 40K, a midpoint of 38.5K and a width (10%-
first is the direct writing of nanometer 90%) of 1.1K. Therefore the ratio 2A/kTc=7
features with the STM. A second recent is twice as large as the BCS prediction.
development is our use of a unique low- We have taken similar spectroscopic data
temperature STM to perform spectroscopic for YBa2Cu307 _v samples and a wide variety of
measurements of the new oxide tip materala s(]. We find that the softest
superconductors. tips, made of indium or aluminum, give the

best spectroscopic data. The most common
2. DIRECT WRITING OF NANOMETER STRUCTURES value of 2a/kT for this material is
Direct writing is the generation of patterns approximately If, with values even twice as
on a substrate without the need for any large sometimes observed.
further process steps. We have recently One must ask whether these large gaps
developed a direct writing process capable of are real and whether they are related to
making nanometer features with the STM[l]. superconductivity. The experimental setup
We allow organometallic gases into a has been calibrated with resistors to check
dedicated STM chamber and use the electron the voltage scale. Furthermore, we do not
current between tip and sample to break the believe that there is a series voltage drop
organometallic molecules and deposit the anywhere because this would reduce the peak-
appropriate metal. So far we have written to-valley ratios in the curves. A strong
cadmium dots and lines with sizes down to 400 possibility is that at least some of the data
angstroms. may be explained by assuming that the

tunneling involves a small particle, and that
The STH used in this experiment is of the structure we observe is due to the

fairly standard design, with a scanner charging energy of this particle. This model
capable of moving up to 10 microns. The has been used recently by Barner and
organometallic gas is fed into the chamber Ruggiero[6] to explain the behavior of a
with a nozzle that points at the substrate. macroscopic tunnel junction with particles
So far we have used mostly dymethylcadmium as deposited in the barrier. One last
the source gas. Some of the deposits have possibility is that the large gaps are due to
been characterized with Auger spectroscopy, the addition of several junctions in series.
which shows mostly cadmium and carbon. A These junctions may be inside the material
typical writing procedure is to image the due to its granular and twinned structure.
surface at a low voltage (tens of mV) to make Finally it should be pointed out that given
sure that the surface is flat, bring the tip the current state of the theoretical
to the desired location on the surface, understanding of these materials, the BCS
increase the voltage to a few volts (which value for 

2
A/kTc need not be appropriate.

breaks the organometallic molecules), and
image the surface again. The smallest 4. ACKNOWLEDGEMENTS
dimension of the dots and lines that we have This work has been done in collaboration with
written thus far is about 400 angstroms, K.W. Ng, S. Pan, R.M. Silver, and E.E.
which is already one order of magnitude Ehrichs in my laboratory, J.M. Tarascon and
smaller than the smallest features that can L.H. Greene at Bell Communications Research,
be made by laser photodeposition. and J. Talvacchio and A.J. Panson at

Westinghouse R&D Center. Support from NSF,
We are currently studying the physical the Welch Foundation, and AFOSR is gratefully

mechanisms responsible for this process and acknowledged.
attempting to write smaller features and
complex patterns. 5. REFERENCES

1. R.M. Silver, E.E. Ehrichs, and A.L. de
3. HIGH Tc SUPERCONDUCTORS Lozanne: Appl. Phys. Lett. 1, 247 (1987)
The recent discoveries by Bednorz and 2. J.G. Bednorz and K.A. Muller: Zeits. fur
Muller[2] of superconductivity in the 30K Phys. B 14, 189 (1986)
range and by Wu et al.[3] in the 90K range 3. M.K. Wu, J.R. Ashburn, C.T. Torng, P.H.
have generated a tremendous interest because Nor, R.L. Meng, L. Gao, Z.J. Huang, Y.Q.
of their scientific and technological Wang, and C.W. Chu: Phys. Rev. Lett. 1_,
importance. We have performed spectroscopic 908 (1987)
measurements on both classes of materials 4. S. Pan, K.W. Ng, A.L. de Lozanne, J.M.
with a newly developed STM. This instrument Tarascon, and L.H. Greene: Phys. Rev. B
operates at low temperature in an ultra-high- 2_, 7220 (1987)
vacuum chamber and has a number of unique 5. K. W. Ng, S. Pan, and A. L. de Lozanne:
capabilities: Jap. J. Appl. Phys. ZkI., 993 (1987)

* Temperature range: 10K to 400K 6. J.B. Barner and S.T. Ruggiero: Phys. Rev.
* Topographic imaging and I-V spectroscopy Lett. U1, 807 (1987)
* In-situ Auger analysis
* In-situ LEED
* In-situ ion milling, annealing and

thermal evaporation
* Load-lock exchange of samples and tips
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surface. Simultaneous barrier height measurements obtained

In itu Scanning Tunneling Microscopy by modulating the tip-sample distance (0.5 A at 15 kHz) show

decreased barrier heignts in these regions consistent with the

tor Electrochemical Studies formation of a graphitic oxide layer growing into the bulk.

With additional cycling to 1.8 V, the rough broken-up regions

Fu-Ren F. Fan, Andrew A. Gewirth, increase in area and grow together, and STM images reveal

and Allen J. Bard strips of atomically flat regions surrounded by the breakdown

Theamnvty of eisy zone, which now grows rougher and exhibits large peaks and

Department of Chemistry valleys. Finally, extensive electrochemical cycling completely

Austin, TX 78712 eliminates the flat regions and leaves large rough regions

exhibiting corrugations several hundred angstroms in
We have examined with the STM ditterent types of magnitude.

platinum electrodes (polycrystalline foil, single crystal, and

sputtered Pt on mica) in aqueous 1 M solutions of H2 S0 4 .

Brief cycling of the electrode potential between the hydrogen

and oxygen evolution regions improved the STM image by

cleaning the electrode surface. More extensive cycling leads to

a roughening of the electrode surface. We have also been able

to take the topographic images of electrode surfaces while the

electrodes are biased at potentials where no appreciable

steady-state faradaic current is observed.

We have also investigated the initial stages of

electropolymerization of an electronically conductive polymer

(polypyrrole) in acetonitrile. The STM images obtained after

electrodeposition of ca. 1.0 mC/cm
2 

show a well-defined film

on mica, suggesting a nucleation and growth mechanism.

Changes in topography with progressive electrodeposition will

be deomonstrated.

The corrosion of stainless steel (S.S. 304L) samples in

aqueous chloride media was also monitored by STM. In air the

surface of a well-polished sample (except for freshly polished

ones) could not be imaged very well, perhaps because of the

presence of an insulating oxide layer. The introduction of an

aqueous chloride solution into the electrochemical cell, in

which the tip and the substrate are immersed, allowed imaging

of the surface, perhaps because the oxide layer was removed.

With this technique we could continuously monitor surface

corrosion for a few days. The effect of pH, the concentration of

inhibitor, and polarization potential on corrosion will be

discussed.

An additional area of investigation has utilized the STM

to monitor the in situ oxidation of pyrolytic graphite. Freshly

cleaved highly oriented pyroltyic graphite under 0.1 M H2 SO4

at 0.25 V vs. AoQRE exhibits large, atomically flat areas which

are stable for several hours. High resolution Images obtained

under these conditions reveal the characteristic graphite ring

structure. After cycling to 1.8 V vs. AgQORE to initiate the

oxidation process, STM images show depressions of less than

50 A
2 

in area, where the surface appears broken up and no

atomic structure is discernable. surrounded by large areas

retaining the atomic scale flatness and resolution. These

depressions may originate at fault boundaries in the graphite
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Abstract No. 694

Scannine Electrochemical Microscope: High Resolution
Deposition and Etching of Metals

Oskar E. Hisser, Derek H. Craston and Allen J. Bard air tip
Department of Chemistry, The University of Texas at Austin

Austin, Texas 78712 D
'+ 

ne- -D

The scanning tunneling microscope (STM) [ 1,2] has proven to be a ionic n./,. 0 on.
powerful tool for the study of surfaces. To date, most applications conductor o

n
- lie n

have been concerned with the study of clean surfaces in UHV
chambers with relatively few reports of studies of contaminated 0
surfaces and investigations under liquids, or in air [3]. M 

n+

Research in this laboratory has recently led to the development of a
method for the high resolution deposition of metals in thin ionically metal . o,"sM
conducting polymer films in the absence of any liquid electrolyte . . .
solution (4]. This technique involves the use of a substrate material "-.4
made by spin coating thin ionic conducting polymer films on the
surface of a metal. The metal ion to be deposited is then incorporated
into the polymer film by soaking in the appropriate solution. A
metal tip electrode is brought into contact with the surface of the
polymer film using the scanning electrochemical microscope (similar
to the STM) which maintains a constant faradaic current between the Eigi
substrate and tip (Figure 1). By applying a negative potential
between tip and substrate, the faradaic processes result in deposition
of the metal D at the tip/polymer interface,

Dn++ne- --b D,
and, at the same time, localized etching of the metal substrate surface

M -* Mn+ + ne-.

Predefined pattern, deposition and etching structures, can be
obtained by controlling the x and y movements of the sample with a
computer.

Work to date has resulted in high resolution deposition and etching
coated Nafion 15] or poly(4-vinylpyridine) (PVP) as the ionically
conducting films spin coated on copper, silver or gold. The films
were soaked in solutions containing either copper, silver, gold or
methyl viologen ions. Electrochemically etched platinum, platinum-
iridium alloy and tungsten wire served as tip materials.
For all experiments, bias voltages from 50 mV and upward could be
applied between sample and metal tip. At lower bias voltages the tip
penetrates the conducting polymer film and only scratched lines
resulted.
The thickness of the deposited and etched structures were strongly
affected by the tip shape, set current, bias potential and speed that
the tip is scanned over the surface. Lines thinner than 1 Pm can
only be obtained with very sharp needle like tips. The thickness of
the lines depends on the number of coulombs past per unit distance
of tip movement. This is a function of both the set current and the tip
scan rate. Scan rates of up to 1 Fom/s can be used, this limit being set
by the speed of the STM feedback loop.

Several examples of structures produced by these techniques will be
presented, and extensions of the method to other materials
described.

References

[1] G. Binnig and H. Rohrer, h~vl . Phys. Acta, & 726 (1982).
[2] G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel. Phys. Rev.
Lett., 5D, 120 (1983).
[3] P.K. Hansma and J. Tersoff, J. Appl. Phys., kj, RI (1987)
and references therein.
141 D. H. Craston, Ch.W. Lin and A.J. Bard, J. Electrochem. Soc.,135, 785 (1988).
151 Nafion is a registered trademark of E.l. du Pont de Nemours and
Co., Inc.

Fieure Cantions

ELtg.: Schematic representation of a method to simultaneously
deposit species 1 in an ionic conductor and etch the substrate M.
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Abstract No. 695

STM Images of Organic Adsorbates

.I.E. Frosmer and J.S. Foster

183 Research Dil,i.s. .4Imaden, Research Center
650 Harty Reed, San Jo~e, CaliJorenia 95120 USA

In this study, individual organic molecule% in a liquid crstal army on a
graphite surface have been imaged with file Scanning Ttnling RLFFRFN(VSMicroscope with near-atomic resolution. Iwo-dinensional order has ben I. J.S. Foster, J.. Frommer, and P.C. Amett. Nature 331, 324-326identified in 4-n-octyl-4'-cyanobipheuvl (8CIB) and compared to literature (1988).
models which are largely based (Sn x-ray data from the bulk smectic phase 2. P.S. Pershan, A. Braslau and A II, Weiss, Phys. Rev A .15.The graphite substrate appears to influence the molecules in two ways: I) 400-4911 (1987); J.E. I ydon and C.. Coakley. .. Physique (olloqshe :nolecular axes lie parallel to the surfaee so that the SIM imares a 36. CI-45 (1975); P.E. (ladis. RK. Bogardus, W.B. Daniels andcross-section of the classical ssmetic planes: and 2) molecules ofone plane G.N. Taylor. Phys. Rev. let. 39, 720-723 (1977); AJ. leadhetter,
are registered with those of adjacent planes, a degree of order which is no t J.I..A. Durrant and M. Rugman. Mol Cryst Liq. Cryst. 34.normally observed in the bulk The interplanarsmecticdistancesobserved 231-235 (1977); AJ. Leadbetter. IC. Frost and J.P. Ciughan, J.with the STM at the surface of the graphite are similar to those repsrted Physique 40, 375-380 (1079)
in the literature for the bulk.
I he samples are prepared by cleating graphite (illghly Oriented lye'S Sic
Graphite) and immediately applying a drop of the liquid crystal to the
fresh surface'. The tunneling tip is then immersed into the drop :ind
mechanically guided to the graphite surface. In assure that ns il' s'r
graphite damage occurs by contact betweert the two, tie final appro~elh S'
the surface is performed electrically, with a feedback loop mti',-ts
tunneling current as the tip comes within several angstrom, of lit- .- |lan,
A quantitative measure of this final distance is not mde; hSSt-ic , it is
estimated from the moagitude of the tunneling current to lIe on the order
of 10A. This corresponds to (Se to four monolayers from the graphle
surface. Images are collected under tunneling conditions of a lip-lo-imple
bias of -0.5 to -0.7V and a tunneling current of R2 to 0,5A. All saipIlc
manipulation and scanning is performed in air
Figure I depicts the ordering of f1771 molecules (in graphite us nnrged ill
the 1'IM The bright stripes intcrpreted as eTOSm-ec-tit1,-t ti ,1.t ,
planes, are 20A wide and spaced 14A apart fir a ,peat listn-' 1 ',
A single molecular length in an extended (linear) chain contlirnatiot it
22A, since some angle between the hiphenel and alkv moeries i' cs'--ted
the observed 20tA dimension is consistent with a single molecular lcgth
Ihe 34A repeat distance is slightly larger than the 29-32A reprsrted i-s Sheliterature for the d-rpacingof R('s bulk smectic Ihe dicrep;ncvcod l I)STMitageSf8( nsr-phite Ikescal cis75X 75
arise from an) ordering effect of graphilt ,Sr simply from experitiental error
'I he distance betwen dj.acent molecular axes is SA le peritdic
'hole-like' features which appear every fourth molecule are pueling; no
prvious literature rites their existetce, so they too might arise from
surface-adsorbae forces. Ibis rationale is supporrted by lie lmg-range
ordering of hole-like features in tMo dimensions, i c.. between planc ri
well Finally, the 14A dark stripe coutld he interpreted as the spacing
between smectic layer ceross-sections as dictated by regitmratinn with planes
below and above the imaged plane. Although the 20A dimension of the
bright stripe corresponds to the length of a single molecule, an alternative
explanation for the 20 and 14A spacings is that the bright 2flA area is

comprised of two cyanobiphenyl moieties meeting head-to-head, and the
dark 14A area is comprised of two alkyl moieties slightly overlapping
tail-o-tail,
During the course of these experiments several structures have been sees
Figure 2 presents a second example of obh.erved order in 8(11. I ong-range
order is evident in the interplanar spacing and is the same as that in Figure
I (within experimental error) lire cross-sections (if the planes (blight
stripes) are now biseced by a dark channel narrower than the dark areas
which separate the bright stripes lhe molecular axes comprising ecu)
stripe, visible at higher magnification, ar spaced approximately 3A are sig 2) SI M image of X(if aphite Ihe wale is 215 21 sA
from from each other A third apparent periodicity occurs every etghtlt
molecular axis and appears as a 'raw-tsorh' structure Ihis saw ttslt
pattern is commensrate between planes as are the hole-like fealtres tsf
I rgrrre I Hoth features might anse from inctctnmnuraee pu(khg I'tt rest
the graphite lattice and the litqnd crystal lattice, the release tsf strai
occtrring at the perildic iutersat if these featutres.
In related sttie, 'ye have been able tt successfully image wecral othe
hltqid crystals Work is also in prssgrcss tt stud, Ihe lisSd etas
iherroal transitio as thea icttr in Ill graphite surface

i( i



Abstract No. 696

SCANNING TUNNELING MICROSCOPY OF TITANIUM IN
AIR AND WATER.

L. D. McCormick, J. and D. Scientific, Inc.,
Annapolis, MD 21401, T. Thundat, L. Nagahara,
and S. M. Lindsay, Arizona State University,
Tempe, AZ 85287.

Scanning Tunneling Microscopy (STM) has
demonstrated the ability to image numerous
surfaces in several media, e.g. vacuum, oil,
water, solution, and air. The capability of
imaging in liquids is of significant
importance in the study of electrochemical
processes, e.g. corrosion, electrodeposition,
and etching. This report descrihes
preliminary research whose goal is to
demonstrate the usefulness of the STM
technique in the study of technologically
important surfaces. Subsequent research
efforts will be directed at studying these
surfaces under controlled electrochemical
conditions.

Titanium foil was first cleaned with
acetone and etched with hydrochloric and then
nitric acid. This preparation produced an
optically smooth, shiny surface. Tips for use
in water were coated with epoxy to limit
leakage current. For both air and water
imaging the tips were platinum-iridium.
Images were obtained with STM tip biases
between -100 mV and -800 mV. (Previous STM
results on aluminum required the use of much
higher magnitude tip biases in order to not
disrupt the surface during Imaging.) AS can
be seen in Figure I the STM images of the
surfaces were often flat over tens of
nanometers. It was also possible to observe
features that may be surface steps such as
those that appear to run from the upper right FIGURE 1
to the lower left in Figure 1. The fact that
Ti is much easier to image and that it may be STM image of Ti in water. Tip bias
imaged at a lower tip bias probably indicates -250 mY. Tunneling current I nA.
that the oxide film on Ti is much thinner
and/or less protective than the Al oxide
film.
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Abstract Nto. 697

MOLECULAR RULERS &ND THE USE OF
SCANNING TRANSMISSION ELECTRON MICROSCOPY

Larry L Miller and Frederic R. Furuya

University of Minnesota
Department of Chemistry
Minneapolis, MN 55455

The successful thrust to make small electrodes andi the
recent advances in studying surfaces at high resolution has ted
to a number of exciting new experiments and expcriiswstal
itisi-hts Our interest is in molecular electronics, and our
wor - connects to these two topics conceptitally and perhaps
experimentally. Thus, we are synthesizing "molecutlar lines,'
rigid-rod molecules up to 75' A long, whose ditrnessios
approach the dimensions of the smallest ectde.These
miolecliles can also provide experimental tests for high
resolution analyses.

It was otir goal in the present investigation to decelop a
method for imtaging individual molecules on a surface. Mote
spsecifically, it wss desired to measure the length of tmtolecular
lines syntlesized on and attached to a surface. Of the
available methods (STM, AEN4, and SEMv) only transmiaaioti
electron microscopy had hes developed sufficiently that it
cotild he applied to solve this problem. In TEM or STEM
I scaning t rataisssiop electron icrfoscoly) the resolution
rai1 be as high as 2 A. Organic and mlost small bioloigical
toolertiles are essentially trantsparent in TEM. hut distanres
bteteen nmolecular sites can it principle he iteasuced by'
sttachm~ient of electron-denise clusters so those (sites. Tia'
piesciit test utilized a sufficiently long and rigid orgainic
sparer with specifically attached (r4((O)l labels and trok-
advantage of the capi~lities of STEM for high resoltutioti
iesiretents on nmolecsilar miaterials.

ET4N*. [Ir4((CO)ll3j (1). prepared froit conmmiercial
Ir4W O)l2- was employed to demonstrate the utlity of tcl.rIa-
iidisini Clusters. Using a STEM operating at 40 k's', sattples
%vere 5tiljected to a cunialative electron dose ranging from 5 x
It)%i t) 4 x 105 efini

2
. Specitmen temnperatture wvas -t3-5 C

tolajgi The 'V a saple Was pjepsared Its deptosit iont frot
10-6 N I hit~sslit ot oto 25 A csram ix it het~ -
fheul i lilaces showved bright sissts - b IT in diaitr. cr Mi i-

vt-splts weore also obitained of rigid muolecules thtat had tetit
cluistpr labelled on bioth ends. For this ptirpou. we used
savilti i titods that we had previouslt des eltipt d for hits

ltelttratihtt of long, yet soluble, rssoloctil st is. , flte,
seliv omiposind I hail a rigid. linear spacer tf 28 A atid

flixible COC1ls(11 crnnectors. As siluiptvd, SITEM
tliitrts'raplss shiowei ared ('d sptil c orrespoinig ito
iniiduial mtolectiles oh 1. The separatiotis litweien' itw it' v

pair, were 20-37 A (R 27 ± 4 A). Tis ratigeiiel
viiitall all otf ste conforrmationis availastle to the flexilili'
conntiectors atil shiows that indrividutat nitileiiles adiiO ai
variti c of s-oiforriatioiis ol tte surface.

0l. A, i- 4t,'

Other tile-cluster ctliiiotttnils have baeen intitigatitI. as
un

1 
as duet isr-labellIed siirfaii-boun iittlus. flt'li(il'lii

'11t'm pairs ofi sptots Wiltilt lengcthg ai p mu. 'sttrlc I it htti
itititirtlar imodlels. 'rThe effects of iustforitiiiud sitllyuface
orietitamtion rall tie iscerned.



Abstract No. 698

Characterization of Surfaces by Surface Forces,
Scanning Tunneling and Atomic Force Microscopy

D.F. Evans, R. Yang, G. Lee, R. Matthews
Department of Chemical Engineering and Materials Science
University of Minnesota
Minneapolis, MN 55455

W. Hendrickson
3M Corporation
St. Paul, MN 55104

Recent developments in near field techniques, particularly
scanning tunneling microscopy (STM) and atomic force
microscopy (AFM), provides detailed molecular information on
the structure of thin films and molecular adsorbates. Surface
forces apparatus measurements permit the determination of 'e
colloidal interactions force as a function of distance (resolution +
0.1 inm) of thin molecular films adsorbed on mica, but the
structure of the molecular film is often assumed not directly
characterized. In this paper we present (1) surface force
measurements on conducting and non-conducting surfaces
characterized by STM and AFM measurements and (2) STM and
AFM measurements on several inorganic composite membranes
such as those shown below.

Figure 1. An STM image of the same regions of Ag2S:CuS
membrane surface. The membrane sample is formed under a
pressure of 20,000 lb/in

2
. (a) 0.6 x 0.6 pm, (b) 660 x 660A.

The tunneling current is equal to 1.8 nA and bias is equal to 24
my in both pictures. Several holes are revealed on the
membrane surface.

9119



Abstract No. 699

MULTIPLE-BEAM INTERFEROMETRY AND THE STUDY In conductivity water and sodium carbonate

solutions long-range double-layer forces are
OF SILVER FILMS IN A SURFACE FORGE APPARATUS measured. The results are consistent with the non-

linear Poisson-Boltzmann equation, and the Debye
screening length in close agreement with that

Hugo K. ibristenson, Mark T. Glarkson and expected from the electrolyte concentration. At

John L. Parker short range a weak attraction is found in pure

Department of Applied Mathematics, Research School water, but the force in sodium carbonate is a mono-
of Physical Sciences, Australian National University, tonic repulsion down to about 7 nm, where an almost
Pof P 4ysiCa nesa, AuTralia Nat UnLIvs hard wall" is found. This may be due to hydration
GPO Box 4, Canberra, ACT, 2601 AUSTRALIA effects or some chemical modification of the

silver surface.

The surface force apparatus (I) is a versatile We also present preliminary results of force
measurements between two silver surfaces across

tool for investigating the properties of thin films octame ntylcyclotetrasilnosane.

of liquid or gas confined between solid surfaces.

Early applications were centered around the direct
,,,easurement of surface forces between mica surfaces. Tere is clearly scope for a great deal of
Recently, considerable interest has been focussed on experiments with silver films. Apart from direct

the study of properties such as adhesion (2), measurements of surface forces in liquids it should

viscosity (3), friction (4), phase transitions in be possible to study the viscosity of thin liquid

thin films (5), etc. It has also been shown that films between metal surfaces, adsorption of
it is possible to use a number of different surfaces, surfactants and polymers to metal films, and, of

either by retaining the mica as a substrate (6) or course, electrochemical processes. By applying

by using a completely different material such as and varying twodifferent potentials at the silver

synthetic sapphire (7). In particular, it is surfaces the interaction of double layers of

possible to deposit thin metal films on a mica unequal potential could be studied.

substrate, measure surface forces (8) and also use

the surfaces as model electrodes (9).

We here present some results of initial investi- . J.H. Israelachvili and O.E. Adams, J. Chem Soc.
gations of thin films of silver on mica. We have

used two different methods of preparing the films; Faraday Trans. 1 74 975 (1976).
either direct evaporation or a new method based on 2. H.K. Christenson, J. Colloid Interface Sci.
fusing two evaporated films (10). The films have 121, 170 (1988).
been characterised by conductance measurements and 3. DYG. Ghan and R.C. Horn, J. Chem. Phys. 83,
optical methods. 5311 (1985); J.N. Israelachvili, J. Colloid

With the surface force apparatus multiple-beam Interface Sci. 110, 262 (1986).

interferometry is used to measure the surface separ- 4. J.N. Israelachvili, P.M. McGuiggan and
ation. The interferometry equations giving the A.W. Homola, to be published.

wavelengths of transmitted light as a function of
separation are modified considerably by the presence 5. M.K. Christenson and G.E. Blom, .. Chem. Phys.
of metal films. The system cannot be treatc as a B6, 419 (1987).
si:nple five-layer interferometer (II). We have 6. P.M. Claesson, C.E. Blom, P.C. Herder and
solved the equations in the general case, using the B.W. Ninham, J. Colloid Interface Sci. I14,
complex refractive indices of the metal films. 234 (1986).
Silver turns out to be the idealmetal to use because
of its high reflectivity. Even so, absorption puts

an upper limit on the film thickness of about 20 nm. published.

8. C.P. Smith, M. Maeda, L. Atanasoska and
The right evaporation conditions are crucial H.S. White, J. Phys. Chem. 92, 199 (1988).

for obtaining a film with high reflectivity, low
absorption and scattering, showing a conduction 9. F.F. Fan and A.J. Bard, J. Amer. Chem. Soc. 109,

threshold at low average thickness. We have found 6262 (1987).

that using a fast evaporation rate gives the best 10. J.L. Parker and H.K. Christenson, J. Chem. Phys,
results. It is also essential to avoid heating of in press.

the substrate, both during and after deposition. The 11. JR. Israelacbvili, J. Golloid Interface Sri.
chemical reactivity of the silver films poses 44, 259 (1973).
additional problems, especially in aqueous solution. 54, 259 (1973).

We have carried out measurements of surface
forces between one mica surface and one silver
surface in both aqueous and non-aqueous systems(I0).

In the nonpolar liquid octamethylcyclo-

tetrasiloxane (a near-spherical molecule of diameter

-0.8 nm) oscillatory solvation forces are measured.

These are qualitatively similar to the forces found
between two mica surfaces (5), but of shorter range.
Furthermore, fused films, which should retain much

of the smoothness of the mica substrate, give forces
that are similar to those with directly evaporated
films. We believe thit these results indicate that

the silver surfaces are quite smooth, even on a

molecular scale.

I000



Ahstrat 50, 7, 1

Adhesion of Two Solid Surfaces in Water: maximum, the adhesion decreases by 50%. Effects

Effect of Rotational Mismatch of Surface Lattices of the mica orientation on the total interaction
potential (i.e. force law at finite distance) which

P.M. McGuiggan and J.N. Israelachvili includes electrostatic, solvation, and structural
forces will be discussed.

Dept. of Chemical and Nuclear Engineering
and Materials Science

University of California. Santa Barbara
California 93106

Current interest in the fundamental aspects of i
electrochemistry at interfaces has focused on 3
understanding the interactions occurring at the
atomic level. We are exploring these problems by E(mJim)
using molecularly smooth mica surfaces In
vacuum, two mica surfaces will come into an
adhesive contact. In liquids or vapors, the
surfaces often come into equilibrium "contact"
while still separated by a few layers of
molecules, and the adhesive force is dramatically
reduced from the value ir vacuum

Using the Surface Forces Apparatus (SFA), the - -2. 2

adhesion force needed to separate two Argle ce;
molecularly smooth mica surfaces in water has Figure 1
been directly measured as a function of the Adhesion energy versus o between two flat ica
rotational angle 0 between the two surface surfaces in water
lattices (retative crystallographic orientation)
The SFA allows the distance between two mica
surfaces (crossed-cylinder geometry) to be
independeritly controlled and measured (using an
optical interferometrc technique) to 1A The
adhesion was measured as the 'pull-off' force, F,
needed to separate two surfaces from contact.
whch can be related to the surface energy, E.
between two flat surfaces by the Derjagun
approximation

E = F,2q R

By convention E = 2ysi. where es, is commonly
referred to as the "surface energy or the
'interfacial energy I r interactions across a
medium The surfaces were rotated reiat;ve to
each Other (about the verlcal axis whqch is
normal to the surfaces) wn an a "., ar
senstiviy of 1,0 2 lg

As shown in Fig I the adhes on energy E va' le
as a funct-r of o interac ng across water W'"-
the surfaces a'r! - oi-iect c rys ra o n'ap ',c
register (e q 4) ri 60 120 B0 1 t

1 e adl,--,1s
,s found io he ma- m vr' wiereas It,... s,,r I, -,vS

a'e rotate by as 1te as 0 q .m



Abstract No. 701

Surface Forces and High-Resolution Optical Imaging
of the Electrode/Electrolyte Interface

C.P. Smith, S.R. Snyder, J. D. Norton, and H.S. White
Department of Chemical Engineering and Materials Science

University of Minnesota
Minneapolis, Minnesota

Developments in high resolution scanning tunnelling
microscopy (STM) have recently provided unprecedented detail
of electrode structure and of local physiochemical properties of
molecular adsorbates and thin molecular films. In this paper we
describe two newly developed in-situ methods that are
corn21imentary to STM, and which provide (1) high-resolution
(2-5 A) measurement of forces within the electrode/electrolyte
interphase region and (2) real-time imaging of the changes in
surface topology that accompany many classes of electrode
reactios.

The first technique described utilizes the surface forces
microbalance to measure forces between two 40A thin film Pt
electrodes separated by 5 to 500A of an electrolyte or an
adsorbed molecular film. We have directly measured forces
between Pt electrodes separated by H20 as a function of
separation distance. Measurable electrostatic forces are obtained
at £a. 160A and increase nearly exponentially with decreasing
sep ration distance. At ca. 10A the surfaces come into "contact"
and further increases in the externally applied pressure results in
no further decrease in separation distance. That the surtaces
come into "contact" at a finite separation distance may be due to
atomic scale surface roughness or due to the strong adsorption
of solvent and/or impurity. To test the hypothesis of a strongly
bound H20 layer, we have measured forces between
potentiostated Pt electrodes, initially "dried" and subsequently
exposed to moist air. We observe that a thin layer of Ht20 is
trapped between the surfaces that is difficult to remove without
application of a large external potential bias between the surfaces
(corresponding to a field strength of 107 eV/cm across the H20
film). Similar measurements are in progress using different
adsorbing gases.

In a separate area of investigation, we have employed phase.
detection microscopy (PI)M) to monitor changes in surface
topology that accompany dissolution and precipitation reactions.
The phase-detection microscope (ZYGO Maxim 3-D System) is
based on interferometric analysis using a photodiode array
detector and has a routinely accessible vertical resolution of 5A.
In addition to measuring topology of surfaces exposed to air,
PDM is capable of imaging surfaces immersed under bulk
electrolyte layers (i.e. 0.5 cm), Figure I, without suffering
significant loss in resolution. We have used PDM to image
molecularly smooth Pt and Ag samples, insulating polymiers and
inorganic substrates, e.g., mica, in air and under 120. Ongoing
studies include in-situ measurement of non-uniform dissolution
of layered transition metal dichalcogenides and of electroactive
polymeric films, Results from these studies will be dscnbed

d4j 9, '44



Abstract N.. 702

Kinetic Isotope Effects of the Hydrogen-Evolution-
Reaction (HER) at Gold- and Platinum-Electrodes .0s -0, -03 -02 -Ut 0 0c 02 03 E/V

D. Tegtmeyer, 3. Heitbaun k -Z f

University of A itten/Herdecke c2 5

Faculty of Natural Sciences 20 
F

Stockumer Str. I0, D - 5810 Witten 30 t1]
3910A

The combination of a quadrupole mass spectrometer 2_
and an electrochemical cell (differential electrochemi-
cal i.iss _5 -troscopy, DEMS) allows the online mass-

detection of a volatile product with a time constant
of less than 0.5 sec. The ion current of the detected
species is proportional to the corresponding faradaic

current. With a new, rotating cnletsystem it becomes
possible to determine the proportionality factor, - -O - -0 -0' 0 01 02 03

between the faradaic current and the mass-signal.

ly means of this quantitative correlation, the corres-
ponding faradaic current can be calculated from the 3 IMS

obtained mass intensity. This is very useful in cases, 2 S_ -
where the current is a sum of different faradaic
and non-faradaic processes. One example therefor
is the hydrogen evolution in an a( id mixture ot liht
and heavy water. There are three different gaseous
products, nancely hydrogen, deuter iuihydrid and EIV
deateruni, but only one common signal for the current. tO -2 0 03
The amount of each produced gas is a function of
the ratio between protons and deuterons, which depends
on the isotope mixture H O/HDO/D 2 0. With the
applied method it is possKIe to obtain three different rig. 1: Hydrogen evolution inl an acid H 20/f2 0-xture

cyclic voltarmograms in one experiment. respectively,
for the production of H 2 , HD and D2 (see fig. I). s sten: 11, i He10 0[ cI
In this way the hydrogen evolution reaction was insesti- scan speec: I m:/sec: 60 I -2C.

gated in different mixtures of light and heavy water, 4%f7 D2 ', H :D : I

airng the temperature as well as the pH anid the -iec laradi initing i urreris of the i* 1)I -
isotope ratio in the solution. The experiments "ere

done with vacuum deposited platinum as well as gold redu tion on platinum electrode

a talyst lavers. For each reaction, the esolution of c.icddle: torrespondig crass spe trinc tor H ,
H 2 , HI ) and D2 , the usual evaluation of the exper- HD, ) 2
Mental data gises tIme (haracteristi( kinetic para- below: mass pe, troetr,, 1 -1

meters of the ele( trochernical reactions: exchange- b o aoer
current-density, iafelslope, activatconenergs, electro- for gold

chemical reaction order and separation fac tor. The : k .0 I-2 \
results are interpreted on the basis of the theoreti(al
onsiderations to be found in the literature /2/. ;i,: 3: I ,ke 2.

s
\ I -

1/ 3. Aillsau. 0. Wolter, 1. Heitbauri

3. Electroanal. Chem.. 185 (1985) 4 g3

21 L. I. Krchtaick
( hdrge tranrsler rea( tions in ile tro( hcciii al
and c t rla pro ssvs plernurr, N. N . I 001 3
I 98A)



Abstract No. 703

ELECTROCATALYSIS OF ANODIC OXYGEN-TRANSFER REACTIONS: Thickness, Morphology, and Stabilityof the Ad-Layers.
The thickness of PbO2  and Bi-PbO2  ad-layers Vere

Modification of glectrode Surfaces by Formation of estimated either by measuring the charge for their
Thin PbO2 and Bi(III)-Incorporated PbO Ad-Layers voltametric stripping peaks or by SEN. The results
via Electrochemical Reaction at Solid/Solod Interface are 0.1-0.5 pm, which are much smaller than the normal

films and vary with the conditions of preparation.

Rsiangpin Chang and Dennis C. Johnson Accumulation and growth of the ad-layer occurs by
multiple cycles of deposition/stripping process.

Department of Chemistry and Ames Laboratory* The morphology of the ad-layers was studied with
towa State University, Ames, Iowa 50011 SEN. Microcracks were observed on both kinds of ad-

layers, which were not seen at their normal films, and
Recently, chemically modified Pb 2 film electrodes might be formed by contraction of the internal oxide

prjpared by incorporation of ionic catalyst, e.g., layer during undissolving reduction in solid phase.
Bi-, denoted as Bi-PbO2 , via electro-co-deposition or The microcracked surface structure of the ad-layers is
electroadsorp'ion have been the subject of intensive very similar to that of Ru 2/Ti dimensionally stable
studies in this laboratory (1-7). These electrodes anodes prepared by thermal deposition. The morphology
show effective efficiencies to catalyze many anodic of the ad-layers does not change after reanodizing.
oxygen-transfer reactions (OTR) that are extremely Both kinds of ad-layers are adherent to the sub-
slow at normal solid electrodes. The ionic catalyst strate. However, the ad-layers prepared from multiple
serves as a bi-mediator for both electron and oxygen cycles of deposition/stripping become fragile. Pb 2
atom transfer (I). Some typical reactions are: ad-layers can be removed by consecutive anodizing

82.H,0 - (CH) 2SO+ 2H + 2e /stripping. But, Bi-PbD2 ad-layer is much stabler,
(CH3)2 S0 (which remains effective after potential cycling be-
Mn

2 + 
. 4H2o 41 Hn0 4 -  8H+ 5e tween 1.5 and 0.3 V. This enhanced stability of Bi-

H0 H* +6e Pb 2 may be caused by the decreased basicity of the
C- 3820 - CO 3 -  mixed oxide introduced by incorporation of Bi

3  
ions.

Conventional Bi-Pb 2 film prepared by co-deposition
has a thickness of ca. 0.1-I m. It was discovered Catalytic Activities of the Ad-Layers. The catalytic
that a thin PbO ad-layer remains on Au after electro- activities of Pb 2 ad-layer for anodic oxygen-trInsfer
lytic stripping of PhD2 (6). In this report, we will reactions in acidic media are tested with Bi co-
describe the conditions to make thin Pb 2 and Bi-PbO existing in the solution, as the result is similar to
ad-layers as a new way of modifying varied solid that of normal Pb 2 films (7). Well-defined i-E pla-
electrodes. Cyclic voltammetry, chronoamperometry and teaus are obtained for oxidatie, of widely varied sub-
other electrochemical and spectroscopic methods are stances including dimethyl sulfoxide, tet~amethyl
used to characterize the ad-layers. The mechanisms by sulfoxide, 2-thiophene carboxylic acid, and n 

+ 
etc.,

which the ad- layers are formed are also studied. as the same half potential (El/2 , ca. 1.65 V at Au
subtrate) is observed. It is concluded that it is the

formation of PhD 2 and Bi-PbO Ad-Layers. PhD 2 and Bi- electroadsorped Bi
3
e on the PbO 2 ad-layer that func-

PhD2 ad-layers are formed on Au, Pt, Ti, and GC disc tions as the catalyst (7).
electrodes by stripping of thick Pb 2 and Bi-Pb 2  Bismuth (III) ions are incorporated into Pb 2

(Bi:Pb = 1:10) films followed by reanodizing in a matrix in Bi-Pb 2 ad-layer. It is observed that the
blank solution. This was evidenced by the following: EI/2 value for many OTRs at Bi-PbD2 ad-layer covered
(a) The rate of oxide deposition at ad-layer covered electrodes is lower than that at normal Bi-Pb 2 film
electrodes is much faster than that at freshly of varied thickness, which means the Bi-Pb 2 ad-layer
polished electrodes. The anodic CV peak increases has better catalytic activity than the normal Bi-PbO 2
with cycle number as the induction time for constant film. This proves that the difference between Bi-Pb 2
potential deposition decreases; (b) A distinct anodic ad-layer and normal Bi-Pb 2  film is not simply the
current was observed during reanodizing the ad-layer thickness, but also surface structures. The Bi-Pb 2
(reduced form) covered electrodes; (c) A cathodic ad-layer also has a higher electrochemical stability
stripping peak was observed at the ad-layer (oxidized than the normal film, as a wider potential window can
for) covered electrode when potential was scanned be applied to the Bi-Pb 2 ad-layer covered electrodes.
from 1.7 to 0.8 V vs. SCE; (d) Thin but observable The anodic current for the bove oxidation reac-
films were seen at the disc electrodes; (e) The ad- tions increases linearly with J' and bulk cootentra-
layer covered electrodes show similar electrochemical tion of the substances, indicating mass-transport
and chemical properties as the normal bulk oxide limitation. The anodic processes at these electrodes
films. The ad-layers can be totally removed by also have high current efficiency and stability.
treating in mixture of H202 and acetic acid. The mechanism of electrocatalysis at PbO and Bi-

Pb 2 ad-layers is the same as that at their normal
Mechanisms of Ad-La or Formation. The formation of films. The Bi(IIl/V) ions electroadsorped on Pb 2 or
ad-layers depends on so ution pH and the thickness of incorporated into the Pb 2 matrix via co-deposition
normal oxide film before stripping. The higher the pH function as a bi-mediator for both electron and oxygen
during stripping is or the thicker the original oxide atom transfer. Two i-E peaks for Bi(III * V) transi-
film is, the easier the formation of ad-layers is. No tion that increase with scan rate are observed at Bi-
ad-layer is formed if the normal oxide film is too PhD2 ad-layer covered electrodes whose peak potential
thin. It a!; observed that the stripping rate of thick corresponds to the El/2 value of the catalytic
oxide films w as limited by mass-transport of H' and, electrode oxidations.
thus, the di,;olution of oxide film proceeded layer-
by-'layer. lip,,i the above observations, it is concluded References

that the ad layers ate formed by undissolving reduc-
tion of the internal layer of thick oxide films during (1, D.S. Austin, J.A. Polta, T.Z. Polta, A.P.-C. Tang,
stripping du,- ti the lackness of H* or H2P at the sub T.P. Cabelka, and D.C. Johnson. J. Electroanal. Chem..
stratp /oxid' inat tae plus the interactions between 1984, lB. 22?. (2) D.C. Johnson, J... Pola, T.Z.
the substi::t iod the inrernal oxide layer. The whole Polta, G.G. Neuburget, J.Johnson, A.P.-C. Tang, I. H
process can h+ ,gatled i:; an electrochemical reaction Yeo, and J. Haut, J. Chem. Soc., Faradafyjrans. 1,
at the sol;f, lid inte tice of the substrateloxide 1986, 82, 1081. ( AP.-C. Tang and .C. Johson,
,so hotto mi l , ie o t ion. It is also concluded Anal. Chim. Acta, in press. (4) I. H. Yeo and
that the s- 1ua ox ,e 1f the substrate does not D.C. Johnson, J. Electrochem. Soc., 1987, 128, 1973.
allect the t,it-ron , d i layers. (5) 1.-H. Yeo, P-.D. Dissertation, Iowa State Unive:

sity, Ames, 198?, (6) B. Chang and D.C. Johnson.
OiperatedI f, the 'i. . tDopartment of Inergy by Iowa J. Electrochem. Soc.. submitted. (7) B. Chang and
State n i :i ry -) t Contract No. ?4)5 ENG-82. D.C. Jono, in preparation.
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Abstract No. 704

ELECTROLrEC HYDROGENATION AND M)RIPHIZATION OF The X-ray diffraction patterns of as-quenched

fcc-Pd 0
.2 1Zr 0 7 9  

polycrystalline electrode before (Pd0 2 1
Zro 7 9

) and

after the electrolytic hydrogenation (Pd
0 2 1

Zr
0
,

75
i)

J.Y. Huot, A. Van Neste*, L. Brossard and R. Schulz reveals that the setastable fcc lattice is modified by

IREQ, C.P. 1000, Varennes, Qugbec, Canada JOL 2P0 the hydrogen penetration. That suggests that the

Universith Laval, Ste-Foy, Canada G1K 7P4 crystalline peak is transformed in an amorphous broad

band. The position and the width of the (200) charac-

toristic line may be analyzed in terms of d-spacing

ITRODUCTION and crystal size respectively(Fig. 2).

At 25, 50 and 75*C, a linear relationship is

Hydrogen absorption in crystalline metallic com- observed between the lattice constant and the total

pounds produce lattice expansion and may induce sev- cathodic charge density at 10 mA CM
- 2 

(Fig. 3). Since

eral structural changes [1, 2]. During gazeous hydro- no hydrogen evolution occurs, this charge represents

genation of La-Ni alloys the disappearance of the the quantit of absorbed hydrogen in Pd0.2,Zr0.79.
Bragg peaks in the X-ray pattern was attributed to an The slope d( X) vs Q is almost independent of the te-

hydrogen induced disorder [3). More recently, it was perature, and is about 0,009 X/C ce
-2
. This slope

concluded that hydrogen may induce amorphization of corresponds to a lattice expansion of 3.7% and a

some R-Ni (R - Rare Earth) Laves compounds [4), and volume increase of 10%, which is in the same range as

metastable crystalline Rh-Zr [5] and Pd-Zr [6] alloys the hybrids formation of PdH 0
.
6 

and ZrH
1
.S with

after reaction with hydrogen gas. In this paper the volume increases of 10.8% and 13.1% from the face-

electrolytic hydrogenation of fcc-Pd
0
.
2 1
Zr0.79 is centered cubic Pd and n-Zr respectively [7].

used as an alternative way to gazeous hydrogenation. During the electrolytic hydrogenation the size of

the microcrystallites decays exponentially with the

EOPERIMENTAL square root of time or charge density (Fig. 4). The
initial size is about 200 2 and it shrinks to 23 R in

Electrolytic hydrogenation is performed at con- 1000 a at 10 mA cm
- 2

. The crystallite dimension does

stant current density and temperature in 1 N H2SO4 not converge to zero at large times but to a finite

containing 1 mM dissolved thiourea. The fcc-Pd-Zr value which is typically the size of one or two unit

ribbons are prepared by the melt-spinning technique. cells. The sample is then almost completely

The electrode are etched 60 a in 0.1 M HF solution amorphous.

prior the experiments. At fixed charge the amount of amorphous base,

The electrochemical measurements are carried out based on the crystallite dimensions, is independent of

between 25 and 75° with a PAR Model 273 potentiostat the current density for current densities up to a

coupled to an Appel lie computer. A Philipps vertical value of 100 mA cm
- 2

. For larger current densities,

X-ray diffractometer equipped with a graphite mono- the electrolytic charging is less efficient because

chromator is used to characterize, with Mo K. radia- some hydrogen evolution Occurs. The most rapid
tie,, the microstructure during the electrolytic anorphization may be realized in 100 a at 100 mA cm

2
.

hydrogenation.
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reversible charge transfer and the diffusion equation
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leads to the determination of the diffusion coetfi-

cient of hydrogen (DH) assuming that the hybride is

Pdo.2 1
2r, .

9  
HI 3. At 25*C DH - I x O 10 cm

2  
5-I

and the activation energy Is 17 kJ mol-, compared to

2 x 10-
7 

cm
2 

S
- 

and 17-23 kJ mol-
1 

for Pd [7, 8] and

x 
0
-li cm

2 
s
-
1 and 15 k mol

-
1 for Zr [9].

lM



-300 2.5 7 ... ...

2.0

-325 D C 2.45

35 a ag "t* 
2.50- 50OC

1.-375 -a2.50 a

-400-

2.400 0 2 1 4 6 8 10
o Q (C sw-

2
)

-4255

Fig. 3 d-spacing of the center of gravity of the dis-

-450 _______......_____ tribution of X-ray intensity near the (200)

1 10 102 1o1 104 Bragg peak as a function of the total ci~arge
density during hydrogenatiton at 10 mA cm- and

lime is) various temperatures.

Fig. 1 Electrode potential vs time for electrolytic
hydrogenation of Pd-Zr alloy at 10 mA cm- and

25 (m), 5Q (*), 75*C (0) in acid solution.

200

MO RADIATIO 100

IL (A) ZR 7 9PD21

FCC - SOLID SOLUTION

(B) (Zo79Pr 2 )H1  0

-~AMORPHOUS PHASE 0 2 4 6 8 1

Q(C C-

Fig. 4 Crystallite dimension as function of the total
charge density for Pd-Zr electrode during

hydrogenation at 10 mA cm- and various tern

10 20 30 40 peratures.
TWO THETA (DEGREi)

Fig. 2 X-ray diffraction patterns for (A) as quienched
ZrHqPd2i and (0) amorphous (Zr;9Fd2j)l,,
obtained, by electrolytic hydrogenation at
10 mA cm for 1000 a at 25*C.



Abstract No. 705
AbtrCTNO.ATAL05 PRaccompanied by the generation of any detectable Cu

+
ELECTROCATALYTic PROPERTIES OF METAL ADATOMS IN in the solution phase. It is also interesting toA POTENTIAL RANGE NEGATIVE TO BUiL DEPOSITION mention that no Cu

+ 
could be detected in the scan in

the negative direction in the potential region
Xuekun Xing and Daniel Scherson examined. These results agree with those reported

Case Center for Electrochemical Sciences earlier in the literature .4
and The Department of Chemistry In summary, the results depicted above afford
Case Western Reserve University conclusive evidence that, due principally to kinetic

Cleveland, OHIO 44106 effects, Cu-adatoms can be deposited at potentials

far mor negative than those associated with bulk
INTRODUCTION deposition providing ideal conditions for studyingtheir electrocatalytic properties.

The kinetics for Cu deposition in O.IM HCIO 4  It. Cu ad-atom mediated electroreduction of N03 " ionshave been found to be so slow that submorolayers of in acid media
copper atoms exhibiting UPD-type behavior are formed
over periods of tens of seconds at potentials far The cyclic voltammetry for Au in O.IM HCIG4 . both
more negative than those corresponding to bulk in the absence and the presence of nitrate, yieldeddeposition. Although not identified as UPD, this identical curves (see curves a and b, Fig. 4). Upon
peculiar effect appears to have been first observed addition of Cu

2+ 
to the solution, however, a faradaic

by Tindall and Bruckenstein for the Cu deposition on process with an onset of -0.2 V was clearly observed
polycrystalline platinum In perchlorare solurions,i (see curve c, Fig. 4 ). This current is believed towho attributed this phenomenon to kinetic hindrances be associated with the nitrate reduction mediated by
in the deposition process. Cu adatoms. Higher currents were obtained after

increasing in a stepwise fashion the concentration ofIt is the main aim of this work to examine for Cu
2+  

in the solution especially in the potential
the first time the electrocatalytic effectsassociated with adatoms in a potential range where region close to the onset of the electrocatalytic
asc ia Uw ith not inepetetial o range process. This is most likely due to an increase inconventional UPD is not expected to occur, the coverage of the Cu ad-atoms for higher

EXPERIMENTAL concentrations of Cu
2+ 

in the solution and suggests
that the electrocatalytic activity may be coverage

A description of the instrumentation involved in dependent.
the measurements including the rotating gold-ring Pig. 5 shows ring-disk polarization curves for
gold-disk electrode and the elecrrochemical cell various nitrate concentrations. As indicated, the
has been given in a previous communication.

2 
Copper ring currents exhibit a bell shaped curve with a

perchlorate and sodium nitrate were obtained from maximum at about -0.4 V. The fact that the disk
Aldrich and used without further purification current continues to increase as the potential is

scanned further negative indicates that the reductionRESULTS AND DISCUSSION involves more than two electrons generating a product
that does not undergo a clear electrochemicalI. Copper deposition on Au in acid media oxidation at the ring potential examined. Fig. 6
shows polarization curves for nitrate reduction inPolarization curves obtained for a gold disk the presence of Cu

2
t in solution at different

electrode in 0.1 M HCO 4 and 1.10-
4 

H Cu(C104 )2 were rotation rates. The corresponding Koutecky-Levich
characterized by a very broad feature in the scan in plots were found to yield a family of parallel
the negative direction accompanied by a sharp peak at straight lines, (see Fig. 7) with a commo -1- .0.2 V upon reversal of the sweep ( Fig. 1). Within corresponding approximately to 4 electrons.
the time scale of these measurements, a bulk
stripping peak could be observed only when the An attempt was made to analyze the rln -disk
cathodic limit was more negative than -0.4 V. dare based on Aibery's diagnostic criterion. In
Additional insight into this phenomenon was obtained this case the ratio Nid/ir in which id and ir arefrom experiments in which the potential was stepped the disk and ring currents and N, the collection
to a given value, held there for different lengths of efficiency, was plotted against the f-l/

2  
for

time, and then scanned in the positive direction. The different disk potentials. The results obtained,
results shown in Fig. 2. clearly indicate that shown in Fig. 8, yielded straight lines for which
under these conditions no copper bulk deposition both the slopes and the intercepts were found to be
takes place despite the fact that in the extreme case potential dependent in the region between -0.38 and -the potential i about 0.4 V more negative than that 0.52 V vs. SCE indicating that the overall mechanism
required for this process to take place. The charge involves a parallel reaction pathway.
associated with the s. ipping peak is about 425
PC/cm

2
, which corresponds to a monolayer of copper REFFRENCES

adatoms. This suggests not only that the UPD is
strongly hindered, but also that bulk deposition will 1. G. W. Tindall and S. Bruckenstein, Anal. Chem.
not commence unless the monolayer has been completed. 40(1968)1637.
It also provides some evidence that the two processes 2. X. Xing and D. Scherson, Anal. Chem.,
may be intimately linked. 59(1987)962.

3. G. W. Tindall and S. Bruckenstein, Anal. Chem..
Experiments Involving a rotating gold disk-gold 40(1968)1051.

ring electrode were also conducted to monitor the 4. J. W. Schultze and D. Dickertmann, Surf. Science,
concentration of Cu

+  
in solution during the 54(1976)489.

deposition and stripping processes by polarizing the 5. W. J. Albery and H. L Hitchman, Ring-Disk
ring at 40.50 V. The results shown in Fig. 3 indicate Electrodes. Clarendon, Oxford, U.K. 1971
that Cu

t  
is detected in the scan in the positive

direction only when the potential limit is negative
enough for copper bulk deposition to ensue, and
hence, that the stripping of the Cu ad-layer is not
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Abstract No. 706
IMPEDANCE OF SODIUM BETA" ALUMINA/POROUS Na2MoO4 and NazMo3,O are present, but exhibits

ELECTRODE INTERFACES IN AMTEC CELLS systematic limiting behavior with respect to potential
and temperature after the electrodes have matured.

R. M. Williams, B. Jeffries-Nakamura, (9-11 Since the reaction area increases due to
M. L. Underwood, C. P. Bankston, and J. T. Kummer Na4MoO./Na.MoOa in the pores, the apparent exchange

current is also increased. Since the porous Mo
Jet Propulsion Laboratory electrode adopts a fairly regular microstructure on

California Institute of Technology the BASE surface, the magnitude of the exchange
4800 Oak Grove Drive current of clean mature electrodes directly depends on
Pasadena, CA 91109 the actual surface area of the BASE ceramic which is

electrochemically active. The value of the Knudsen
The porous metal/gas electrode in contact with a flow coefficient also indicates that only a portion of

solid electrolyte is similar in many respects to the the BASE surface is active reaction area.
more familiar solid or liquid metal-liquid electrolyte
system. However, while the steady-state behavior of ACKNOWLEDGEMENTS
both are governed by electrochemical kinetics and mass
transport, the former has received far less atten- The research described in this paper was
tion. Only a few quantitative studies have been performed by the Jet Propulsion Laboratory, California
performed which deal with the dynamic processes at the Institute of Technology, and was supported by the
porous metal/gas/ solid electrolyte interface. While National Aeronautics and Space Administration, the
serious drawbacks to investigations of this type Office of Innovative Science and Technology/Strategic
include the difficulty of accurately characterizing Defense Initiative Organization. We wish to acknowl-
the three-phase contact zone, there are also advan- edge assistance and helpful disc,ssions with B. V.
tages including the possibility of examining the Ratnakumar, B. L. Wheeler, M. E. Loveland, N. Weber,
effect of temperature varied over many hundreds of K, S. Kikkert, and J. Lamb.
on electrode reaction rates of comparatively simple
systems. REFERENCES

The Alkali Metal Thermoelectric Converter (ANTEC)
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AMTEC utilizes a high sodium activity gradient 3. T. K. Hunt, N. Weber, and T. Cole, in "Solid
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separator a. elevated temperature, T2 (900-13001 to Farrington, Eds., p. 263, North Holland
achieve an open circuit cell voltage up to about 1.6V, Publishing Co., Amsterdam (1981).
and low internal cell resistances to allow current
densities up to about 2.5 amps/c*

2  
(BASE) at maximum 4. T. K. Hunt, N. Weber, and T. Cole, in

power. Liquid sodium contacts the BASE at the high "Proceedings of the 13 Intersociety Energy
activity side, while sod.um vapor at low pressure Conversion Engineering Conference," p. 2011, SE,
leaves the power electrode to a condenser at Tj 1400- Warrendale, PA (1978).
BOOK). It is a static device with no moving parts
except for the working fluid, sodium, and it is 5. C. P. Bankston, T. Cole, R. Jones, and R. Ewell,
modular with no size-dependence of either power J. Energy, 7, 442 (1983).
density or efficiency. These characteristics make
AMTEC a promising candidate for space applications. 6. C. P. Bankston, T. Cole, S. K. Khanna and, A. P.
The properties of the porous metal/sodium gas Thakoor, in Space Nuclear Power Systems 1984,
electrodes on the BASE are critical to optimization Vol. II, p. 393, M. S. EI-Genk and M. D. Hoover,
of ANTEC device performance. Editors, Orbit Book Co., Malabar, FL (1985).

Mixed mass transport and kinetic control of sodium
ion reduction at porous, inert electrodes on BASE at 7. B. Wheeler, R. M. Williams, B. Jeffries-Nakamura,
high temperatures has been observed and modeled. The J. Lamb, M. E. Loveland, C. P. Bankston, and T.
high ionic conductivity of BASE and the reversibility Cole in "Performance and Impedance Studies of
of the liquid sodium/ BASE anodic half cell led to Thin Porous Molybdenum and Tungsten Electrodes
assignment of potential-dependent (non-ohmic) resis- for the Alkali Metal Thermoelectric Converter,"
tances to kinetic and mass transport processes asso- accepted for publication J. Appl.
ciated with the porous electrode. (7,8) The morphology Electrochemistry.
of these electrodes and typical sodium gas pressures
are consistent with Knudsen, or free-molecular, flow. 8. R. M. Williams, B. Jeffrles-Nakamura. M. E.
Equations for effusion of a gas through a cylindrical Loveland, M. L. Underwood, C. P. Bankston, and T.
pore and equivalent pressure for a condensed phase Cole, in "High Temperature Materials Chemistry
evaporating irreversibly govern the pressure of sodium IV," p. 34, Z. Munir, D. Cubicciotti, and H.
gas in the porous electrode. These equations and the Tagawa, editors, The Electrochemical Society,
current-overpotential equation combine to yield 1988.
equations for the cells' current-voltage curve and its
apparent charge transfer resistance in terms of rate 9, R. M. Williams, G. Nagasubramanian, S. K. Khanna,
and transport parameters. Inclusion of ohmic C. P. Bankston, A. P. Thakoor, and T. Cole, J
resistance losses including electrode sheet resistance Electrochem. Soc., 133, 1587 (1986).
via an Iterative finite elements method results in a
fairly complete model for the D.C, response of AMTEC 10. R. M. Williams, C. P. Bankston, S. K. Khanna. and
cells. T. Cole. J. Electrochem Soc., 133, 2253 119861

The exchange current, transfer coefficient,
Knudsen flow coefficient, and interfacial capacitance 11. R. M. Williams, B. L. Wheeler. P. Jeffries-
vs. potential at the Nais/porous Mo/BASE phase Nakamura, M. E. Loveland, C. P. Bankston, and T.
boundary have been evaluated from 740 to 1220 K. The Cole, "Effects of Na2 MoO, and Na2WO4 on
transfer coefficient exhibits a value close to 0.5 Molybdenum and Tungsten for the Alkali Metai
and the exchange current is doamitated by the collision Thermoelectric Converter," accepted for publica-
frequency, 'ith no significant activation energy. The tion, J. Electrocheelcal Soc
Interfaclal capacitance ae) be greatly increased if
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THE HANGING MENISCUS ROTATING DISK ELECTRODE (HMRDE) draw-nut. Contact to the sample is made with an axial

B. D. Cahan and H. M. Villullas
e  

spring loaded rod, tipped with Indium to prevent

Case Center for Electrochemical Sciences 
damage.

and the Dept of Chemistry, Well oriented Au single crystal electrodes we e
Cleveland, Ohio 4i06 obtained from a commercial source, while others with a

random orientation were grown in the laboratory from
on leave from Depto de Fisicoquimica highly purified Au in a newly machined 6.0 mm I.D.

Facultad de Ciencias Quimicas carbon crucible. Polyorystalline Au and Pt electrodes
U. N. C., Cordoba, Argentina were pressure formed in hardened steel molds, and

INTRODUCTION other materials were machined in a lathe. Most of the

The mounting of single crystals as conventional single crystal samples were reoriented in a special
rotating disks is often a difficult task. Metals such Laue fixture using an optical autocollimator and
as gold are extremely soft and fragile, and even repolished with an orientation better than 0.50. Most

gentle pressures are enough to deform them. Crystals of the samples had a diameter of 6.0 mm with faces

prepared as cylinders are usually spark cut to perpendicular to the axis to < 0.0001-. Sharp edges

minimize damage. This process leaves a textured were maintained to insure proper Positioning of the

surface that makes a satisfactory seal Impossible to meniscus.

obtain by the usual expedient of press-fitting into
Teflon. Other techniques such as molding in a plastic, An adapter to the Pine rotator was made to mount

or mounting in epoxy cause contamination problems. Any a dial gage to allow reproducible setting of the

gap between the electrode and its mount serves as a meniscus height. The zero level was easily established

trap for abrasives, cutting fluids and other by lowering the rotator assembly until contact was
impurities. A gap also causes "tilt" to the baseline made. From this reference position, the height could

and exposes undesireable faces to the electrolyte, be set using the dial gage to better than 0.001".

Reen studies have shown that impurities like Cl- or
S0 

"
j can materially alter the shape of the EXPERIMENTAL RESULTS AND DISCUSSION

electrochemical curve for the oxidation of gold at Verification of the validity of the technique
concentrations less than 10-'M (1). with rotation speeds between 400 and 10,000 r.p.m. was

obtained with a 2x10"'M ferri-ferrocyanide solution

A new method for mounting cylindrical materials with 0.2M Na2SO4 used as supporting electrolyte. A

for use as rotating disk electrodes which eliminates typical set of potential/current curves for a meniscus

many of the problems associated with more conventional height of 0.11" is shown in Fig. 1. A (331) Au

techniques has been developed. Originally conoieved electrode was used, although the reaction is

for use with single crystals as a combination of the independent of surface structure. For meniscus heights

pendant meniscus method (2) and a standard rotating between 0.125" and 0.070" the curves were almost

disk, it can be used with almost any material which identical. Small differences were observed at 0.050"

can be prepared in cylindrical form. The mount uses a and below. At these heights, a small wetting of the

miniature W.W. collet chuck mounted in a Kel-F body. sides was visible.

The symmetry and small size of this mount permits
rotation at very high speeds (10,000 rpm) without With the electrode centered to within 0.001",

visible turbulence in the liquid bulk or surface. rotation speeds up to the limit of the rotator (10,000

Measurements show that this configuration follows r.p.m.) were easily obtained wtbout visible

Levicb's equation as well as more conventional disks. turbulnce in the electrolyte. High speed photographs
show no vibrations in the meniscus, although ripples

DESCRIPTION OF TECHNIQUE in the flat portion of the surface were observed when

Collet chucks are often used in lathes where the rotation speed was close to mechanical resonances

precise centering of a round object and uniform of the rotator-shaft assembly. In contrast, a
pressure on the outside are required. They are usually commercially mounted disk of Au which was carefully

made of a flexible material with a conical outside and rebalanced, centered, trued and polished could not be

a true cylindrical hole on the axis. There are several used above 4900 r.p.m. without severe turbulence in

slots (usually three) which permit the flexible jaws the cell and entrainment of numerous small bubbles in

to close uniformly on the diameter as the chuck is the electrolyte which tended to accumulate below the

pulled with a drawbar into a mating conical recess in center of the electrode. When the HMRDE was not as

the spindle using a fine thread on the back end. W. W. carefully centered, resonances developed at lower

collets are small ones used in small lathes, primarily speeds (whip distortion of the shaft) which sometimes

by wetchmnkers and are typically available in sizes disturbed or broke the meniscus, although the electro-

ranging :.om 1.5 to 8 mm with 0.1mm intervals. The chemical behavior was not altered significantly at

standard material of construction is a mild steel lower speeds. Levich plots of the cathodic limiting

which can be, for example, hard gold plated. We have currents for the HMRDE and a conventional ROE in the

had them made from Kel-F rod which is an easily same cell and electrolyte are shown in Fig. 2. Both

machineable, reasonably hard, cleanable inert plastic. plots give slopes which yield values within a few

[The threads on a W.W. collet are a special non- percent of literature values. A small negative

standard .275-40 thread. The cone angle is 200.] intercept is apparent in the HMRDE curve that may be a
result of the different hydrodynamics.

An nose-;iece adapter of Kel-F was made to fit a
special shaft for a Pine AFMSR rotator which had a Turbulence is expected for the RDE for rotational
112-20 thread on the bottom which was available in our velocities charagterized by a Reynolds number, N e, of

laboratory. (Other mounts could of course be adapted.) approximately 10 , calculated (3) from the equation

A mating 200 conical seat was machined into the nose 2
with special care taken to maintain the precision of NRe rwv
centering. [Note that the standard run-out of a Pine
shaft is ./- 0.002". In order to obtain a final where r is the radius of the electrode (and shroud), w

accuracy of < 0.001- it was necessary to bend the is the angular velocity and v is the kineyatle

shaft sliitly while in the rotator using a dial viscosity. For a typical radius of 1 cm, v 10- , the

gage.] A pin in the Kel-F head mates with a slot in onset of turbulence is expected below 10 r.p.m. The
the collet to prevent rotation while tightening the HMRDE used here has a radius of ony 0.3 cm, it should

be expected to be useable up to 10 r.p.m.



OTHER ADVANTAGES OF THE HMRDE
It is possible to anneal, electropolish or

otherwise treat the sample surface before mounting. -

This is not always feasible with the electrode already
mounted or potted. ... ,.

At the higher meniscus heights, the meniscus is ... .___constrained at the edge and is perpendicular to the k,,,. ,
electrode surface. This eliminates the current non- e..

uniformity and frequency dispersion associated with .. o,
the coplanar edge between electrode and shroud (4). -

Early photographic measurements (5) of hydrogen
evolution at a rotating disk showed that in a clean
solution bubbles nucleated at the metal-Teflon edge.
This should not occur with the HMRDE.

CONCLUSIONS .. ..
An electrode mount for use with a rotating disk

electrode which obeys Levich's equation closely even
at very high speeds and overcomes many of the
drawbacks of a more conventional mount has been
developed. The Teflon shroud that is usually present Fig. 1. HMRDE cyclic voltammetry of 

2
xl03M ferri-

to preserve the 'semi-infinite" hydrodynamic boundary ferrocyanide couple in 0.2M Na2 SO4. Sweep rate:

conditions does not appear to be essential. Extension 20 mv/sec. Rotation speeds from 400 to 10,000 rpm.

of this technique to other difficult to handle systems
(e.g. molten salts, gas evolution and consumption)
should be easy.
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Abstract No. 708 effect of the
TRAPEZOIDAL WAVE CYCLIC VOLTAMTRY IN STUDY declining '
OF TRANSFER OF ION ACROSS THE INTERFACE current on Ip 50
BETWEEN TWO INNISCIBLE ELECTROLYTE SOLUTIONS after Et. 7"

Therefore the 25 [K
Qi Deyao. Li Jianwei technique
Department of Chemistry and Chemical Engi- should be is- 0
nearing, Shanghai University of Technology, proved so as
Shanghai, Chin to decrease -25

INTRODUCTION the influence
of both rei

The methodes used for studying ITIES dual and de- -
are chronopotentionstry, cyclic voltaemetry dining cur- 10505F-150 250 350H-

98 12 4- 98 2 102 0900
and polargraphy etc.. Among them triangular . rents on Ip. Fig 3. Cyclic vo01 04000 of H' ic, wo8.r
wave cyclic voltasmetry is used most widely. We have tried the different 9.. (84 I). (n "'"4Th tapzoda wvecyclic voltammetry was to draw a ,5(2.7(,,9( 410(5)2V;trapezoidal wav a2 0)' 10.V 9-.190 (2).*170(31,.140

used for study and the resul'.j obtained were curVe tange- (4o)., t.!t. Copo,0010.,.. se ig.2.

improved. tial to curve
EXPERIENTAL2 upward and downward as a base line(fig.2.b).

The vertical distance from curve 2 to this
cell Electrolytic cell was shown in base line is taken as Ip. But it is difficult
ref.1. The boundary of the aqueous and the to find out such a suitable curve.
nitrobenzene phase in the cell, which had an Fig.4 is the dependence of the I? on
area of 1.3cm'. was located at a distance of time, t. and ti.When ti and ta are larger
0.2cm from each tip of the Luggin capillaries, than about 20 seec, I Pais equal to I,, and 1

has,&a constant value at different A~ and N2 .
Chemicals TBACl was purified before use. It shows that the I measured could not be
All other reagents were analytical grade. effected by declinn current snd residual
The neutral carriers ETH1 117 and ETH1 001 was current when t1 and t 2 are selec~-ed properly,
sent by Prof. W.Simon, ETH. because the decllinn current will decrease.
Equipment The four-electrode cyclic to about zero
voltasmeter controlled with microcomputer was IP(.WA) after .
constructed in our laboratory. The potential U; - Tee eri-
Wave forms are shown in fig. 1. The electrolyte aents show that
resistance be- 48 &1 ' E Bpa7Epc will
tween the tips (b i) P7 benalyacn

7'gnca f2 t 44 Ihstant value if
piJJlaries was bot I 2acn

0 RV7E21and
compensated. \o40 Ifte-Ei I areThe experiments r____
were performed 0 '0 20 30 40 larger than 70mV,
at the tempe- F1 ?1g.4 Th deodo of8 tniOWil p and tjand t 2 do
rature 20±1C b~ to rp. tei) voltontry. 0of H h~to --. th . 1.t.rf0 * not affect Ep.

and .04.. COq,.1010,., r. see04.2.

RESULTS AND DISCUSSION

The facilitated transfer of HinFif4.6 and fig.6 are cyclic voltammograss of
across the water/nitrobenzene(w/n) interface Ca ion in the presence of neutral carrier
by neutral carrier ETH1 117 is a reversible ETHi 001 in the nitrobenzene.* The peak cur-
process controlled by diffusion, which was rent ratio I aIpe -0.69 at tj't 2 -0(fig.5)
studied with trapezoidal wave cyclic volta- end 0.95 at est 2 -30 sec(fig. 6). The ratio,
matryt". Fig.2 is the triangular wave cy- 0.95, agrees fairly well with the theoretical
clic scanning voltamogram of Hion. The one, Ipa/I =1 C1

curr ent p) (Fig.2.a) is measured as PC
vertical difference between currents of CONCLUSION
curve 1 and curve 2 at the peak potentials
(I,). If the measurement is correct, the Ip Using trapezoidal wave scannin , the
measured should be independent Of 24 and BR. IP Of cyclic voltammogram can be measured sim-
Pi,.3.a Is cyclic voltammogram of Hion whenrailan eabyadthIrto

Et fxdbtXi aidand fg3bwhen ply,railanreibyadth rto
N. ~~fg-. w ie u ~svre can be used to elucidate the transfe? process.

Rais fixed but L-ie varied at t,.t-O. The
The result from fig.3 indicates the Irmea-t

suredi by
104) the method21

shown in 8 1b 2

2 fig.2.a are0

I on N and Hs 0
u so this 1method(fig. -lb

2.a) is not -241

-ONor aaar -48 W 152 2n2 24 -1 20

l50 -~ ~.. .0, 502"" 35:, 0(.0 vious y, .. .9;,~/. 0. o . ...o . f0..Colcl~e.
1' the.~, 2 o. incor- the -4u--- Ph- 0b.0059 C-l i ,RAcyliWIt..c

MA~ Ior...,,t -1 ill* P... -ur ... I f., rect sea- 1b:-'( . .1() . llto * tO -P* 0-.

.RAT~ I. tO rofl.o.2.m
1

7w 01 1; '.Ij2 results
from, thEIFERENCES

from the(11.(2) Qi Deyao and Li Jianwei, unpublisheA.

'(0I? (31 R.S.Nicholson otc,Anal.Chem.,36(1964)706.



Abstract No. 709

NOVEL CONDUCTING POLYMERS AS OPTICAL SWITCHES: We are currently working on a number of approaches
TOWARDS MICROSECOND ELECTROCHROMIC SWITCHING TIMES and novel polymers to yield microsecond domain

P. Chandrasekhar 
switching times.

Gumbs Associates, Inc. We are grateful to the US Army Medical Research and

11 Harts Lane Acquisition Activity, (Fort Detrick, Frederick, MD)

East Brunswick, NJ 08816 and the Letterman Army Institute of Research (San
Francisco, CA) for generous support of this work.

Although novel conducting polymers are serious can-
didates for use as optical switches in applications References
ranging from optical interconrects and storage discs
to laser shielding and switchable radar absorbers [1] 1. Wegner, G., Mol. Cryst. Liv. Cryst., 1984,
concerted switching rate measurement and enhancement 106, 269.
studies and an understanding of the factors affecting
this rate are still lacking. With the aim of design- 2. Proc. Rpt. on Top. Mtg. Optical Bistability of
ing and synthesizing novel conducting polymers with Optical Society of America and Lasers & Elec-
promise as optical switches, and on the basis of trooptics Soc. of IEEE, Tucson, AZ, 1975.
semi-empirical quantum mechanical (INDO) calculations
indicating very low bandgaps and considerable
intramolecular charge transfer, we very recently
synthesized a series of 2-Me thiophene (T) deriva-
tives, two of which are I, 2 (Fig. 1), via a propri-
etary chemical/electrochemical procedure.

Electrochromic switching rate studies have been con-
ducted on these and PP, P3MT controls using both
chronoamperometric/chronocoulometric analyses and an cy
independent electrochromic switching rate apparatus
constructed for the purpose, employing a 65 mW Ar ion
laser (Newport), an ultra high-speed photodetector _
(Newport), coupled to a potentiostat with ECL elec-
tronics. For device studies, 2-layer sandwich devices
of the polymer studied comprising the polymer depo-
sited on an ITO or Au (ca. 70 A) coated glass slide, 1XB
a layer of proprietary polyethylene oxide (PEO) based 1: X= Br
electrolyte and an additional ITO or Au/glass slide. 1 2: 0= CN
The quasi-reference electrode was either Pt sputter- 

2[ IL.

deposited on polyimide on the working electrode, or 2' /
electrically disconnected section of working elec-
trode. Devices hermetically sealed with epoxy. Elec-
trochromic switching rate monitored by pulsing I V
on either side (i.e. +/- 2 V) of polymer redox peak. FIGURE 1

INDO calculations on 1, 2, indicate ca. 0.1 e" S to
X CT. Effect of a number of parameters on a prede-
fined switching rate were studied, and it was found
that the size of dopant ion (from BF - to tosylate
and polyvinyl sulfonate), solvent meiium (PC ACN),
and substrate (AU, ITO, Pt) had minimal effect where-
as film thickness, electrolyte concentration (0.2 to
1.2 M), preprocessing of substrate with PEO and
presence of effective counterreaction (with AgClO
had maximal effect. Reductionof film thickness frdm
10 nm to ca. I nm caused 2 orders of magnitude drop
in switching rate, while PEO-preprocessing of sub- , o/ ra
strate and subsequent leaching out of PEO after PPTos/Au/glass
polymer deposition (yielding better dopant access to PC

polymer charge centers) yielded similar effects. With
I nm polypyrrolium tosylate (PPTos) prepared in
proprietary manner, we observed switching times of tion
ca. 1.0 msec, reversible and reproducible over 300
cycles. Fig. 2 shows typical switching curves for
PTos/Au/glass, ta. 10 mm), with coslometric
trace inset. Switched/unswitched OD ratios are ca.
10 -80 for PPTos, depending on film thickness and
history. olmtc

trace
In preliminary test' thin films of the novel polymers
I and 2 yielded switching times of ca. 0.1 msec.
For certain optical switching applications, e.g.
optical interconnects C2), rate requirements as low
as I picosec have been stated. However, psec rates
will yield viable switches. It should be noted
that our switching rate is defined on the basis of
the known charge in deposition of a film and known
or published stoichiometry (No. of electrons) for
a polymers reduction/oxidation.

I Ii I



Abstract 2to. 710

ELECTROCHEMICAL STUDIES OF NEW VIOLOGEN COMPOUNDS The best viologen compounds in terms of electro-
chromic film formation and erase cycles in aqueous 0.20 P,

M, H. Miles. R. A. Henry and R. A. Hollins KBr solutions were compound E (l l,.00 cycles on Au) anuChemistry Division, Research Department compound C (6.500cycles on Pt). Both of hese viologenNaval Weapons Center. China Lake, CA 93555 compounds contain the substituent R' = o-MeC6H 4 CH 2

Compounds of I.t'-dialkyl-4,4'-bipyridiniuni salts (Table I). In contrast, compound A with R' = p-MeC6 H4 CH 2(viologens) have found prominent use as electron media- gave only 10cycles before most of the film became
tors in herbicides. electrochromic displays, and solar- unerasable. These results support the suggestion tha
energy-storage devices (. 2). Most viologen studies have steric effects may play an important ile in the erasability
focused on the commercially available dintlithyl and of viologen compounds (5). Compound B gave 500 erasable
diheptyl viologcns (3. 4). In this study. viologen cycles, but all other viologen compounds tested yielded less
compounds represented by than 50 erasable cycles. Generally. the peak current (Iill

R was a good measure of the film erasability, hence cycle
lifetime was determined by a 50% decrease in the peak

R' i
1

X-J/'N -R' , 2X" [ current (Ip = 1/2 Ip
0
). The formation of a stable elec(ro-

chromic film was not observed for compounds H and I; for
example, reduction and oxidation cycles for compound Has well as several other types of viologen compounds were gave a stream of red product coming from the electrode.

synthesized and tested. A previous study has shown that
the clectrochromic properties of these modified salts can Although the electrochemistry of viologen com-be markedly superior to those of dimethyl and diheptyl pounds D and E were reported previously (5). significantviologens (51. The major electrochemical reactions of differences were found in our studies. The potel;als forviologen compounds can be represented by the first reduction peaks (Epl) were 42mV more negative

for both compounds (Table I) than those reported byV2 ++ X-+ - V*X 121 Barltrop and Jackson (5) despite our use of a slower scan
rate (100 mV/s vs. 1000 mV/s). Our peak potential valueVIX + e- = V1 + X- 131 for compound D (EpI = -0.520 V) shows better agreement

where V
2+ 

is the viologen cation and X is the electrolyte with recent measurements by Enea and co-workers (2).anion. The electron-ransfer reactions are generally Furthermorc. our peak potentials previously reported for
restricted to the highly reversible one-electron change to diheptyl viologen gave good agreement with literature
form the insoluble salt of the blue radical cation (V'X). values (6), Calibration of our SCE reference electrodesshowed agreement within t2 nV in porential.

Most of the viologen compounds investigated are The diffusion coefficients determined for viologenlisted in Table I along with the reduction peak potentials compounds D and E (Table 1) are noticeably smaller than(EpI. Ep2, peak currents (l
1
pl. Ip2) and diffusion coeffi- those reported by Bar'.rop and Jackson (5). The diffusion

cnents s(-2,. as determined by potential sweep capeor- coefficients reported in Table I were determined from the
ments The diffusion coefficients are numerically about equation
equal for many of these c.sinpounds and yield a mean value i5=3.67 IO'n"nA CODlflvtfl 141
of D%-'= 24 ott 6 , litt

6 
2m/s ,r amient temperatures (21to 24'Ct Viologen A sas barely soluble ai 0.005 n while for the reversible deposition of an insoluble substance (18compounds F and (; were insoluble at the concentration A nimitar equation for soluble reacton products would n(iused. The observed peak currents suggest solubilities of be valid for the viologen reaction (Eq. 2) and would yield,003133 m and 0ft017 m for vologens F and G. respectively, diffusion coefficients that would be a factor of 1.82 tooAlthough 'iologen B was readily soluble, a lower Concen- large.

iration (0 ()39m) was used since the amount of this
material was limited The aqueous silutions formed were Our preparation of viologen compound E gave a
colorless eXtCep for compounds B (slightly yellow). II meliing point of 279 o 280°C (decomposition) whiletyellow). and I (dark orange). Barltrop and Jackson report a oelting point of 295 to 209C

(decomposition). It is well-known that iching points canCyclic voltammetric traces at various potential vary with the heating rate when decomposition occurssweep rates are shown in Figures I and 2 for viologen Both preparations showed the expected NMR spectra. Thecomptunds h and C (Table I) on platinum and gold rlec- electrocheemical results for both studies sho that 1.)-bistrdes. respectively The voliammograms for viologen (2-methylbenzyl-2-methy l-
4

,4'-bipyridiniun dibrontidecompounds are ususally similar for many electrode tCompound E) is the best viologen is terms of erasable.materials 16t The conversion of the radical cation into a electrochromic ccles in aqueous KBr soluions
dieter. 2 V° -o (V- )2 provides a possible explanation ft)r
the two anodic peaks observed near -04 V in Figure I fr REF'ERENCES
the st ns rate if I It mV/s Faster scans alliow less timse fu r I P. Neta. M C. fichoun and A larrin .1 Ckim So,viiltogen B Nr fros dirners while slotwer caIts s t - a FtatNay Trans 2. 81. 1427 11965,
la rg e r d im c r o x id a tio n p e ak (F ig u re It S p c tr.l h m , : - P , r a u . B ,8 1 .1hAn M1-d5.
fir atquc-1a eilogen stlotlts have hen aitriiiuted 2 P. Crtuigecan. B Bedes. A. Brass aind cO Fies. .dner form ation (2, 

7
t The volla tit tric tracc for violo 3. Flct ronal Chri , 234. 2t Col l z egen A also shoited esidence for possible dintcr ftmntim 3 M. Hyrovsky' and L. Novois, C,,ol _zech ('h- iFise oxidaton peaks were detected following the tegative Comm . 52. 1197 (1987).

go iv g scan 111 0 It9tt V isb the fourth ontdat, n5 peak being 4. T. Lu and T. M Cotton, I Phis Che, 91, 5978 t( 1
9 7
Tike largest t Fn = .15 V. I = 1154 reAt Ctsiiiorntld t) g t' 5 1 A Barlrrop and A. C Jacksisn, J Chm S, Perkli

th ags I,=4 9V ,=01 n)1 alTrari 11, 367 (1994)
tctcral oxidation peaks that varied with the potertial stait 6 M. II, Miles. R A Henry. anti R. A. Itollns. in E.strne.lrate and etilog-it ctncentranlion. but unlike f igurc I. the Absircs. Flei-icherricul Socicis Afriuc. 87-2. uriSslrc poilise peak intre.cd in tr at fastr Scan rates 119671.S tie' lrat e s ileitie fisr dirter forrij ta tin n P i lt Asj108 1sora a St-e pr f ir thmc is 1 0111) n cin IIand Au, N7 J. G, (taniiellr. P K. Chosh. and A I Hard. J 4m'rsursitcts ha r tin reported for h1 e.1ilu nIre rl (2) Nl Chers Sit. 107, Y127 1985isilr],nlltr, ia , Slit fi aet tint titu nd , l 2., 8 P Delahay. New Instrimental Methods in Fleito-j1.. ft .o.,g,t I orheidnistrs Inicrsteinite Publishers. New York. lip
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TABLE 1. Cyclic Voltammetric Results for 0.005 mn Solu-
tions of Viologen Compounds in 0.20 in K~r at 100 mV/s 0.4-
Using Platinum Wire Electrodes (A = 0. 18 cm

2
. T = 21-241C).

R H, R = p- CH3 OC6H4CH2
Compounda Epib Ep2 b I PtI 'P2 TDV2 , 0.3-*

(V)____.Y2.... (V) (mA) (mA) Im/ in 21t

A -0.472 -0.833 0.192 0.823 2.3 x 10-6
Bc -0.499 -0.852 0.165 0.322 3.8 s 10.6 0.2
C -0.5 15 -0.826 0.178 0.252 2.0 . 10-6 1
D -0.520 -0.843 0.172 0.583 2.3 x10.6 < I

B -0.552 -0.882 0.175 0.234 2.2 x 01- ii - I
F -0.538 .. 0.119 Insoluble I

G -0.615 -0.882 0.062 0.152 Insoluble /r
H -0.408 -0.517 0.175 0.262 2.5 x 10.6 D

1 -0.592 -0.746 0.138 0.162 -1.9 x 10-6 U .-

aA R=H. R'= P-lC642 20-. 2mV s
B R =HR=pCH3OC6H4CH 2  -0.1 100inV s

C R = H. R' = 0-MeC6H4CH, .
D R = H. R'= C6H5CH 2  ~I200 MN/s
E R = CH3. R'= o-McC6H4CH2  -0.

P RH,'= Me 3 Me Fig. 1. Cyclic voliarnctric studiesof 11 .- bis:-noetw\\

~ ,~-4 --~fl ~benzvl)- 4 .4'-bipyridinium dichloride in 0.20 nt KBr using
G \~.a ~7 \~N .Ia \/a platinum wire electrode IA = 0.18 cm'-) and scan rates (it

20. 100, and 200 mV/s.

0 \1.2 T I l

H ~Bis-isoquinohuisum salt (BIQ)

1.0 - Au

OCH OCt. Oa, wb R H, R' o - MeC6H4CH 2:6

\ /0.8t8~ 0.6-

b Peak potentials measured versus the SCE reference
electrode. C 0.4 ti

cViologen concentration was 0.0038 m. 02,l.-

D0.0

-0.2-

-0.4 00m

200 mV s

- 1.0 -0,8 -0.6 0.4 0.2 0.0 0.2
POTENTIA Li

Fig. 2. Cyclic voltainnietric studtes of I 1-bts-(4-ncth~ I
bcnzyl)-4.4'-bipyrtidnum dttsromidc to 0.210mu KBr ustug a
gold wire electrode (A = (1.16cut

2
) and potenttal ,.,n rtc'

or 5o. 100. 20)0, and 511(1mV/s



Abstract No. 711

ELECTROCHEMICAL STUDIES ON ELECIRODEPOSITED The potential applied to the substrate material was
TUNGSTEN TRIOXIDE FILMS .0.5 V for ITO and between -0.5 to -4.0 V for Pt. On plati-

num. only the blue form was observed, indicating that the
D. E. Stilwell, K. H. Park. and M. H. Miles tungsten oxide film was not further reduced to the lower

Chemistry Division. Research Department oxidation states for tungsten bronze, even at -4.0 volts.
Naval Weapons Center, China Lake, CA 93555 Potentials more negative than ca. -0.7 V on the ITO could

not be employed as the conducting glass substrate was
reduced to the metals. The deposition was carried out for 5

INTRODUCTION to 60 minutes depending on the desired thickness. After an
initial rise time of around one minute. the current was

The study of electrochromic compounds for use in steady with time in these unstirred solutions, and upon
display devices or in light attenuation filters is being agitation, the steady state current only rose between 10 to
actively pursued worldwide. Recent review articles on 30%. The current density was 4 to 5 times higher on
electrochromic materials and devices are available (1-2). platinum compared to ITO. This larger current appears to
One of the most promising systems is based on tungsten be due to an increase in hydrogen ion and hydrogen
trioxide films (W0 3 ). The coloration/decoloration reac- peroxide reduction on platinum; gaseous products were
tion arises from an oxidation/reduction of the film: observed on Pt even at open circuit. After film depovi-v

and at open circuit, the blue films were rapidly oxidized by
W0 3 + xM

+ 
+ xe- L MxWO 3  (0 < x < 0.35) hydrogen peroxide to the colorless form. These observa-tions point to the the fact that the total current reflects a

(colorless) (blue) (M* = H-
, 

Li
+ 

etc.) multiplicity of reactions. That is, aside from the desiredfilm forming reaction, there is solvent reduction, H20 2

The broad band electronic absorption of the blue form has reduction. and a catalytic component caused by the
been attributed to either a free electron transition (3) or to continuous reoxidation of the film by the H20 2 . Shown in
a small polaron absorption (4). The most common method Table I are the results obtained over a wide range of
for W0 3 film formation is by vacuum techniques (1-4), but H2 0 2/W mole ratios. As can be seen, there is no film depo-
other methods have been reported as well. These methods sition when the H20 2 concertration is either too high or
include chemical vapor deposition (5). spin (6) and dip (7) low. An overall reaction mechanism to account for these
coatings, oxidation of tungsten metal (8). and very findings will be shown and discussed.
recently, electrodeposition from tungsten-hydrogen
peroxide solution (9). The deposition observed was The electrochemical properties of the deposited W0 3explained in terms of solubility differences between the films were studied in I M sulfuric acid and in PC/LiCIO4 /
peroxotungstic acid and the reduced product, tungsten H20 solutions. There was no long term film stability in
trioxide hydrate (9). We have adapted a variation of the these solvents. Shown in Figure I arc the cyclic voltam-method reported by Yamanaka (9) to produce W0 3 films mograms obtained in the PC solution as a function of cycle
electrochemically. The following is a summary of our time. We "itrbuted the lack of 5:ability in PC to be cause,preliminary results on the film forming reaction, as well by a solubility of W0 3 in PC. Indeed, when the PC solution
as on the electrochemical properties of the films thus was made slightly acidic, then film stability was achieved
formed, for more than 600,000 coloration/bleaching cycles. as

shown in Figure 2. Shown in Figure 3, are voltammograms
of the film in 1% and in 3% water PC mixtures. As is

EXPERIMENTAL evident, the switching kinetics increase with increasing
water content. Unfortunately. the increased water

The electrochemical measurements were carried out increases the film solubility. Efforts are underway in
with a Princeton Applied Research (PAR) 173 potentiostat/ order to optimize the solution composition for maximumgalvanostat with the PAR 179 digital coulometer accessory. switching speed as well as stability, and our results will be

The potential waveforms were supplied by a Hewlett- shown and discussed.
Packard 3314A function generator. The data were acquired
on a Zenith 248 microcomputer via an Analog Device RTI-
815 ADC/DAC interface. The electrochemical cell was a
standard three electrode system contained in a dual com- REERENCES
partment cell separated by a glass frit. Either a Pt wire
electrode, or indium tin oxide (ITO) conducting glass (OCLI, 1. G. K. Baucke and 1. A. Duffy, Chem in Brit., 21, 643
Santa Rosa, Calif.) was used for the working electrode. All (1985).
potentials are reported versus the Ag/AeCI (saturated KCI) 2. S. A. Agnihotry, K. K. Saini and S. Chandra. Indian J
reference electrode which was used in this work. The Pure Appl. Phys , 24, 19. (1986).
tungsten powder (Fisher), the hydrogen peroxide (30%), 3. R. B. Goldner. P. Norton, K. Wong, G. Foley, E. L.
the LiCIO 4 (GFS). and the propylene carbonate (PC) Goldner, G. Seward, and R. Chapman, Appl Phys. Lett ,
(Aldrich). were reagent grade and were used without any 47, 536 (1985).
further purification. Anaerobic conditions were main- 4. T. Yo;himura, J. Appl. Phys..57, 911 (1985).
tained with an argon atmosphere. 5. D. Craigen, A. Mackintosh. J. Hickman. and K. Colbow.

J. Electrochem. Soc., 133, 1529 (1986).
6. H. Okamoto. K. Yamanaka, and T. Kudo. Mat. Res Bull..

RESULTS AND DISCUSSION 21, 551 (1986).
7. H. Unuma, K. Tonooka, Y. Suzuki, T. Furtsaki, K.

The deposition solution was prepared by oxidizing Kodaira, and T. Matsushita, J Mat Sci Lett., 5, 1248
tungsten powder with hydrogen peroxide. Nominally, 2.5 (1986).
to 3.0 mL of 30% H202 was added to I g of W powder and 8. B. Reichman and A. J. Bard, J Electrochem Soc.. 126.
allowed to react. A considerable amount of the H2 0 2 was 583 (1979).
consumed by chemical decomposition, as evidenced by the 9. K. Yamanaka, Electrochem Soc Extended Abs.. 87.2,
gas evolution. Water, in I to 2 mL portions was added three 821 (1987).times to prevent eucessive frothing of the reaction mix-
ture. Finally. the volume was brought up to 100 ml with
distilled H20.
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TABLE I Effects of the Solution Composition0
on Dcposition.a

Deposition -

W H20 2 . initial H202/W Observed
0.068 0.73 10.7 N E
0.070 0.48 6.9 Y
0.056 0.36 6.5 Y

0.051 0.24 5.91 N

0.068 024 3.5 N
uConcentration in mol/L. 4

Potent o, vs Aq/AgCI

< 2 0 -Fig. 3. Cyclic voltammograms of W0 3 in a PC solution
containing. I M iJCIO4. 0.011 Ma HCI04, and (a) 0.2%, (b)

- .1.6%. and (c) 4% mater. Samte scan rate and potential range
c given in Figare 1. ITO electrode arca =2.2 cm2.

-1 0 -0 5 0

Fig. 1. Cyclic volt ammograms (CVS) Of W0 3 in PC, 2% 1120.
1 hi LiCIO4 solution. (a) Fresh film. (b) after 726 cycles.
and (c) after 3241 cycles. The CVs were taken between I
and -i V at 40 mV/s scan rates. A cycle is a potential
square wane pulse between I and -1 V/ at (1.2 Hiz.

0 5

_05 0 0 1) C

Potenliol, V vs /A(:

Flg 2. Cyclic voltammograms of W031 in PC. 2% 1120, 1q
LiC10 4. und 0.014 hil HCIO4. After (a) 100l.00~0. (hI 301t.0ft,
and (c) 600.000 cycles. Sec Figure I for other experimental
details.
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Abstract No. 712

In-situ FTIRRAS Studies of Anion-Metal Oxide It is interesting to note that the integrated
Interactions in Electrochemical Systems: Perchlorate area under the perchlorate peak decreases upon

and Nitrate Adsorption on Polycrystalline introduction of N03 " in the electrolyte. This
Pt and Au Surfaces. provides a strong indication that the two species

compete for sites on the metal surface. It is
In Tae Bae, Xuekun Xing, M. Razaq, E. B. Yeager conceivable that the C104 " m band may also be split,

and Daniel Scherson and that one of the components could occur at a
The Case Center for Electrochemical Sciences frequency below the absorptiun tl,.eshold of CaF2 .

and the Department of Chemistry Experiments employing a ZnSe window are now in
Case Western Reserve University progress to examine this possibility, as well as to

Cleveland, OHIO 44106 determine whether the C10 4- v4 band also undergoes

INTRODUCTION splitting upon adsorption of the ion on the electrode
surface.

Considerable progress has been made over the The type of anion-oxide surface interactions
last few years towards the development of infrared suggested in this work have also been invoked in the
spectroscopy as a probe of the vibrational properties case of oxide particle surfaces in which surface
of species adsorbed on electrode surfaces. Fourier adsorption ccn be oonitored by non-electrochemical
Transform reflection absorption infrared spectroscopy techniques.

4

FTIRRAS, represents one of the most versatile

techniques for the acquisition of in situ data as ACKNOWLEDGEMENTS
evidenced by growing numerous applications reported
in the literature.

1
, This work will present FTIRRAS Support for this work was provided by the Gas

data for the adsorption of perchlorate and nitrate Research Institute and LBL/DOE. The authors would

ions on Pt and Au surfaces from which important le ter esthe ap i to The auth rson
information regarding the interactions of simple like to express their appreciation to Dr. M. Severson

oxyanions with metal oxide surfaces has been of Oakland University for assistance during the earlyphase of this prolect and to Ms. X. Xu for her
obtained, valuable advice during the cell construction. Funding

EXPERIMENTAL for the purchase ,f the IR98/IBM instrument was
provided by ONR/DOD.

The electrochemical cell used for measurements REFERENCES
involving platinum electrodes was obtained I. A. Bewick and S. Pons, In 

" 
Advances in Infrared

commercially,
1  

whereas that employed for Au studies and Raman Spectroscopy", vol. 12, ed. by R. J. H.
was designed and built in this laboratory (see Fig.l) Clark and R. E. Hester, P.1, Wiley, 1985.
A different reflection attachment was used with each 2. J. K. Foley, C. Korzeniewski, I. L. Daschbach and
of the cells. These are depicted in Fig. 2. The S. Pons, In 

" 
Electroanalytical Chemistry",

electrode area exposed to the beam was of 2.8 cm
2 

and vol. 14, ed. by A. J. Bard, p.309, Marcel Dekker,
0.79 cm

2 
in the case of Au and Pt, respectively. All N.Y., 1986.

the experiments were conducted with an IR/98 IBM 3. K. Nakamoto, " Infrared and Raman Spectra of
Instruments. Inc. Reflection spectra at a given Inorgaiic and Coordination Compounds", 3ra
potential, Rsample were obtained by adding 500 scans, edition, John Wiley and Sons, NY, 1978.
The data are presented in the form of -AR/R, where &R 4. S. Ardizzone, J. Electroanal. Chem.,239(1988)419.
- Rsample - R and R is the reflection spectra at an
arbitrary reference potential.

RESULTS AND DISCUSSION ,.

Fig. 3 shows -AR/R vs wavenumber spectra for a
Pt electrode in a 0.1 MK C104 solution. Although some
changes are observed in the region around 1100 cm'

1
,

associated with the perchlorate asymmetric stretch,

-3,3 a clearly identifiable peak at this frequency
could be observed only for potentials larger than
0.40 V vs SCE. A rather similar behavior was found
in the case of Au (see Fig. 4). in which case the
same peak was found to increase in intensity at
potentials larger than 1.10 V vs SCE. Based on an
inspection of the cyclic voltamsetry curves obtained
for these electrodes in each of the cell recorded
immediately prior to collecting the spectra (see
curves A and B, Fig. 5) it becomes clear that the 7*5 I t7*¢fr*I c*Il 7., nIl. 1715*

potentials associated with the onset of the large
abso ption peaks are close to those of the onset of
oxide formation on the resp-rive surfaces.

An essentially analogous behavior was observed
upon addition of nitrate to the perchiorate
electrolyte. In this case, large nitrate signals were
observed at potentials equal or greater than those
associated with oxide formation. In contrast to the
perchlorate case for which the w3 band was only

slightly s'$.. ~ " o
N03 " asmetric stretch, 03 band usually found at .

1370 cm' was found to split into two components with
apparent maxima at 1349 and 1395 cm -1. (Figs. 6 and
7) This may be attributed to a lifting of the
degeneracy of this normal mode induced by the
symmetry lowering due to the Interaction of the Ion
with the oxi'e surface.
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Abstract No. 713

IRRAS Study of Dry Perfluorinated Sulfonic Acid Ionomer The relative intensities of various bands in the

(PFSI) Films on P and Carbon Substrates reflectance spectra of the Dow PFSI film on Pt and OPG

are strikingly different compared to its transmission

D. Chu, D. Gervasio, M. Razaq and E. B. Yeager spectrum. The intensity of the S-0 band at 139' m
"I

versus the C-F band at 1160 cm
"1  

is I to 3 in the

Case Center for Electrochemical Sciences and the transmission spectrum, 3 to I in the Pt reflectance

Chemistry Department, Case Western Peserve University, spectrum and over 4 to I in the OPG reflectance

Cleveland, Ohio 44106 spectrum.

Introduction It was particularly difficult to compare the

changes in intensity for the S-0 at 1265 cm
I
- to the

A perfluorinated sulfonic acid ionomer (PFSI), C-F bands at 1200 cm
"1  

with changing substrates,

such as Nafion (du Pont) cr a similar polymer made by because these bands overlap, so these were not

Dow Chemical Co., has been used to form a thin solid considered further.

polymer electrolyte (SPE) layer over smooth and porous
electrode surfaces. Such a polymer coated electrode For a 0.5 pm film on a reflecting metal surface.

used as an 02 cathode in different bulk electrolytes the electric field intensity for the p-polarized infra-
gave improved performance for 02 electroreduction red radiation undergoes a relativly small change on
1,2]. -going from the inner portion of the film at the reflec-

ting surface to the outer portion adjacent to vacuum.

Little direct evidence is available concerning the Thus for the 0.5 pm film, the reflected radiation is

interaction of the PFSI film with electrode surfaces, sensitive to all portions of film, when using the IRRAS

Surface vibrational spectroscopy, particularly ex situ technique in combination with p-polarized radiation.
infrared reflectance absorption spectroscopy (IRRAS) in
combination with a high angle of incidence t3], has In the IRRAS spectra with p-polarized radiation,

beer used to explore the nature of mono- and multilayer only )rational modes with a component of the dipole

films on electrode surfaces [4]. The present study derivative normal to the surface are it active (surface
involves the IRRAS technique with a high angle of the selection rule).
incident p-polarized radiation to investigate the
interaction of air-dried PFSI films with smooth Pt and An absorption band which is stronger in a reflec-
ordinary pyrolytic graphite (OPG) substrates. Signifi- tance spectrum compared to the transmission spectrum
cant differences were found between the reflectance (see Fig. 1) suggests that the corresponding vibration-
spectra of the dry PFSI on the smooth Pt and OPG al mode interacts more strongly with reflected p-polar-
surfaces versus the transmission spectrum of the PFSI ized radiation than with transmitted unpolarized radia-
on a transparent salt-plate support. These differences tion due to the orientation of the vibrational mode
have been interpreted to be the result of a restructur- relative to the surface.
ing of the PFSI during film formation.

The differences observed between the reflectance

Experimental and transmission spectra may, therefore, be rational-
ized in terms of a restructuring of the PFSI during the

The Pt foil (Puratronic grade. Johnson Matthey) solution casting of the film on the Pt and OPG
was 3cm

2 
(25 x 20 mm

2
) in area. The ordinary pyrolytic surfaces. This restructuring may involve the formation

graphite plate (OPG, Union Carbide) was 12 cm
2 
(30 x 45 of aggregates with the sulfonate groups tending to

mm
2
) in area. The KRS-5 plate (Janos Technology) was orient relative to the reflective surface so that the

10 cm
2  

(50 x 20 x 2 mm
3
) in area. The AgBr plate modes of the -S03H moieties effectively interact with

(Janos Technology) was 7 cm
2 
(35 x 20 x 3 mm

3
) in p-polarized radiation. Somehow, the orientation

area. Aqueous solutions of the Dow PFSI (equivalent persists for a significant number of the sulfonate
weight - 560) and Nafion (equivalent weight - 1100) groups throughout the film, e.g., these aggregates may
electrolytes were prepared, and the films were cast and be partially crystalline.
air dried at 22

0
C as described elsewhere [5).

Simulated spectra (not shown) of PFSI films on Pt

The absorption spectra of the PFSI films on and carbon surfaces (7] produced using computer pro-
different substrates were recorded in vacuo using an grams developed by Ishida et al. 18] indicate that the
IBM Instruments Inc. IR-98AF Fourier transform infrared differences in the observed intensities of the reflec-
spectrometer with a liquid N2 cooled mercury cadmium tion and transmission spectra are not principally due

telluride (MCT) detector. The spectral resolution was 2 t optical effects associated with the Drude-Fresnel
Pm

-
1. For transmission experiments, PFSI films were equations.

cast on transparent Aggr or KRS-5 salt plates; unpolar- Figure 2 shows the IRRAS siectra of a 0.5 pm
ized radiation was used and the spectra were refer- Nafion film cast on Pt and OPG as well as the transmis-
enced to the infrared radiation transmitted through the sion spectrum of a 0.5 pm film on a transparent AgBr
bare salt-plate support. For reflectance experiments, plte spectr of virtuaflm onta ta prevtous-

the absorption spectra of the PFSI films were obtained plate. The latter is virtually identical to a previous-
by rtiong he nfrredraditio releced romthe ly published transmission spectrum [61. As was foundby ratioing the infrared radiation reflected from the for the Dow PFSI, the relative absorption intensities

film-coated surface to the infrared radiation reflected of the various banos in the reflectance spectra of the
from the bare surface. For the IRRAS spectra, the Nafion PFSI on Pr and OPO are markedly different than
angle of incidence of p-polarized radiation was 750

.  
the transmission spectrum of the Naflon on AgBr. In

Results and Discussion the transmission spectrum, the ill defined S-0 asymme-
tric stretching absorption bands near 1300 cm

"1  
are

Figure I shows the transmission spectrum of a only a third the intensity of the C-c bsorption
0,5 Pm Dow PFSI film cast on KRS-5 and the reflectance bands near 1156 cm-

1
. In the reflectance spectrum from

spetra from P and OPG.the rfectrnc the Pt surface, the analogous S-O asymmetric stretch-
sp-r fo tan P.The transmission spectrum ing bands near' 1328 cm

1
l are wel defi ned a nd have

shown in tig. I is quite similar to the previously about team Intensi as te C-Pnband n a1
reported transmission spectrum of Nafion (61 film about the same intensity as the C-F bands near 1148
except the Nafion C-O-C absorption band at -980 cm

"1  
cm 1. From the OPG surface, the S-0 absorptions near
1300 cm

"1  
are found to be almost three times more

is absent as is emperted for the Dow polymers 5). intense than the C-F absorptions near 1160 cm-
1
. It
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appears that the same restructuring process suggested
above for the Dow PFSI films occurred with Nafion.

The enhancement of the sulfonate absorbance rela-
tive to fluorocarbon absorbance in the reflectance
versus transmission spectra is somewhat greater with .2
the Dow PFSI film compared to with the Nafion film j -
prepared in the same way. It is noteworthy that the
ratio of the intensities of the sulfonate to fluorocar-
bon bands is - 2 times larger with the Dow PFSI
cmPared to with Nafion. and that the number of sulfon-
ate groups per gram of the Dow PFSI is - 2 times larger
than per gram of Nafion.

For a particular PFSI, the ratio of the intensi-
ties of the sulfonic acid to the fluorocarbon absorp-
tions were found to be always larger for the reflect-
ance compared to the transmission spectra. Comparison
of the reflectance spectra from Pt and OPG, however,
are not quite the same. The ratio of the intensities of
the sulfonic to fluorocarbon absorption bands was found
to be larger in the spectra involving the OPG surface
compared to the Pt surface, suggesting that the sulfon-
ic acid groups have a tendency for a preferred orienta-
tion relative to the surface, and that this orientation 2O0 160 ')X 0
effect is greater on the OPG surface. WAVELENTH c -h

Conclusion

The ratio of the intensity of the sulfonic acid Fig, 1. Vibrational absorption spectra of a 0.5 gm
absorption bands to the fluorocarbon bands is greater film of the Dow (equivalent weight - 560)
in the reflectance spectra versus the transmission PFSI electrolyte.
spectra of dry PFSI films. This is consistent with a Bottom: transmission spectrum on KRS-5.
restructuring of the PFSI during film formation. Sepa- Middle: IRRAS spectrum on Ft.
rate aggregates of the -SO3H and C-F moieties form Top: IRRAS spectrum on OPG.
with the sulfonic acid moieties tending to have a
preferred orientation relative to the surface. This
orientation persists for a significant number of the
sulfonic groups in the film. The ratio of the
intensity of the -S03H versus C-F bands was found to
be greater with the PFSI on OPG versus Pt suggesting
that the extent or degree of the orientation of the I-
-SO3H groups is greater with the OPG surface compared
to with the Pc surface.
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Abstract No. 714

CYCLIC VOLTAMMETRIC STUDY OF THE REDUCTION OF The cathodic peak current (ipc) was linearly
Pu(II) TO PLUTONIUM METAL IN MOLTEN proportional to the square root of the potential

LiCI-NaCl-CaC12 -BaC1 2-PuC 3  scan rate (v
1
/
2
). Plots of ic vs. vl/2 for

various temperatures (435 to 478C) and for the
D. S. Poa, Z. Tomczuk, and R. K. Steunenberg two different cathode materials (molybdenum and

steel) were linear and passed through the origin.
Chemical Technology Division In addition, the peak current potentials and the
Argonne National Laboratory separations between the peak and half-peak

Argonne, IL 60439-4837 potentials (15 to 35 mV) were independent of
potential scan rate. These results indicate that
the charge-transfer reaction of the Pu(III)/Pu(O)

Introduction couple is reversible and the reduction rate is
controlled by diffusion mass transfer.

Cyclic voltammetry was 
used to investigate the

electrochemistry of the reduction of PuC1 3 to In general, the cathodic peak current
plutonium metal in molten LiCI-NaCI-CaCI 2 -BaCl2  increased with increasing temperature (as shown in
(49.7-8.0-26.5-15.8 mol %) containing dissolved Fig. 2). Over a temperature range of 435 to
PuC13 . The purpose of the study was to determine 520°C, the increase in the cathodic peak current
the kinetics of the reaction. This information with temperature was linear.
will then be used in helping design electro-
refining equipment for the reprocessing of core The effect of PuCl3 concentration on the
and blanket fuel discharged from the Integral Fast reduction current is shown in Fig. 3. When the
Reactor (IFR). PuCl 3 concentration in the salt was increased from

0.455 to 1.11 mol %, the reduction peak current
The values of emf and standard potential of increased five- to tenfold.

the Pu(III)/Pu(O) couple in molten PuCl 3-KCl,
PuCl3-NaCl, NaCl-KCI, and LiCl-KCI electrolytes Standard potentials obtained for the Pu(III)/
have been reported by several investigators [1-7]. Pu(O) couple in this electrolyte ranged from -1.45
A chronopotentiometric study of the Pu(III)/Pu(O) to -1.75 V (vs. Ag/AgCl), depending on the
system in LiCI-KCl eutectic has been made by experimental conditions.
Nissen [8]. The diffusion coefficient of Pu(III)
in molten LiCI-KCl has been reported by Nissen Values of the diffusion coefficient for
[81, and Martinot and Duyckaerts [5]. No previous Pu(III) ions in this electrolyte ranged from 2.4
investigation has been made on the Pu(lI3)/Pu(O) to 5.4 x 10-

6 
cm

2
/s over a temperature range of

couple in the quarternary salt employed in this 452 to 520°C. Linear regression analyses of the
study, diffusion data indicated that the diffusion

coefficient varies with temperature in accordance
Experimental with the Arrhenius relationship. The estimated

activation energies for the diffusion of Pu(III)
The electrochemical cell comprised (a) a low- ranged from 9.45 to 11.25 kcal/mol.

carbon steel crucible (volume, 325 cm
3
), which

served as the cell container; (b) a working In general, the results of this study are in
electrode consisting of a 0.32-cm-diameter metal reasonable agreement with earlier data obtained
(either molybdenum or low-carbon steel) rod with other molten chloride electrolytes [1-8].
encased in an alumina tube in such a way that an
apparent surface area of 0.079 cm

2 
was exposed to Acknowledgement
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Abstract No. 715

In Situ UV-Vis Difference Spectroscopy applied potential.

of Electrode/Electrolyte Interface With the increase of potential, reflectance

with Integating Sphere Assembly (R) remains constant from 2O0nm to 28Onm,

which is the strong absorption region ofC. C. Chert*, S. J. Tang, and Z. 0. Huang

Department of Applied Chemistry pyridine. In the same time, a new band appe-
ars at 700nm. These may be the characteris-
tic of pyridine i-adsorption on platinum

Chongqing, iichuan, CHINA surface, especially at more positive poten-

tial platinum was oxidized and has the empty

Introduction d-orbit (2). In the absence of pyridine
above phenomena have not been found.

In recent years, it has made some progress The experimental results indicated that in

that Fourier transform infrared (FT-IR) situ UV-Vis difference spectrum technique can

difference spectroscopy measured potentiost- act as a kind of electrochemically modulated

atically is utilized to simulate the poten- spectroscopy. Furthermore, this method will

tial modulation infrared spectroscopy(1). A be developed to study the oxidation and

similar technique is also used in u'travio- corrosion on metal, for diffusion reflection

let visible (UV-Vis) reflection spectr'scopy measurement wit: integating sphere assembly

An in situ UV-Vis difference spectroscevic is favourable to rough surface.

measurement of electrode/electrolyte inter-

face with integating sphere reflection asse- References

mbly is described in this paper.
1. C. Korzeniewski and S. Pons,

Experimental Prog. Analyt. Spectrosc., 10, 1(1987).
2. A. B. Ershler, A. M. Foontikov, and I. M.

The equipment is a Shimadzu UV-240 ultravio- Levinson, J. Electroanal. Chem., 136, 83

let visible spectrophotometer controlled by (1983) .

microcomputer. The electrochemical cell

newly-designed can be installed in the

SAMPLE position of integating sphere assem-

bly. The REFERENCE was a stsndarl white

plate (MgO powder). Optical window was made

by quartz. The working electrode was a piece 
A4 -

of 10x10mm
2 

platinum cleanly, no polishing. .. '
A platinum-wire loop counter electrode and a

saturated calomel reference electrode were C

used.

At first, the reflectance R. at the base

potential (E.) was obtained in this measure- -
ment, then R at other potentials (E). Reflec-

tance relative change AR/R was calculated ..
from ( and N.

Fig.1 Diffusion reflection difference spectra

Results and Discussion of platinum/O.1M sodium fluoride + O.01M pyr-
idine interface. Base potential: -0.2, app-

Fig.1 shows the diffusion reflection diff- lied potential: a 0.3; b 0.5; c 0.SV vs.SCE.

erence spectra of Pt in solution containing

O.1M sodium fluoride(NaF) and 0.01M pyridine
(C5H5N). The spectrum changes within 280-480

nm is the electroreflecton(ER) of platinum

surface oxidized, which is related to the

1024



Abstract No. 716
LASER INDUCED PHOTO-DEPOSITION OF METAL oxygen-vacancies or titanium interstilials 12,31. F ,cc intiallk

ON TiO, FILMS photoexcited electrons cirr recombine or diffuse toward the Surface.
such defects provide sub-bandgap states that influence rates uof

C. H. Pails, M. R. Kozlowski, P. S. Tyler, and W. H. Sntyrl- recomtbination, and thiis avaiilable electrons at the surface. Hence.

Corrosion Research Center, and metal depositioni reveals the hetertogeneities of defect contiflrationts

Department of Chemical Engtneering and Materials Science in the otxides that grttw ott different grain, oif the tmetal Substrate

Utniversity of Minnesota To expliore the Possibility that metal depositioin would probe the

Minnepolis, MN 55455 crystal size, crystal orderintg. and defect concentration. tso
additional experiments were done: different metals (Pt. Ru, and Iri
ceposited. and T'0 2 was grown to different film thicknesses tor

Photo-deposition of palladium was observed to sttudy the substrates. Different metals were deposited on the suirface to

structure/property relationship of semiconducting titanium dioxide compare tlte redox pottential tof each metal that could be deptosited

(TiO,). Thin anodic films of the oxide ( 211 nm) grown on a with the energy states in the filmn. In addfition, thinner filmns otf TiG,

polycrystalline Ti metail substrate were immersed in an aqueous were found to have higher degrees of heterogeneity and were most

soltution of PdCI,, and illuminated by a UV laser (X = 351 nmi. strongly influenced by lie putlyctxstalline Ti ntletal stibsuate. More

Light absorption within the semiconducting TiD, generated e'/b+ dramtat ic changes in lie itlorpliogs of the mectal de position suas

pairs swhich farther participated in irt electrochemical reaction at the otbserved frottt otte grain is the other scith thin oxide filins.

txide surface. Holes at the surface reacted with a soilutioin In summary. phutto-depositioti tf metals was found to be

cotmponent (ntethantil), while electrons reacted with Pd'
2 

iotns in depetndetnt on both the crystal size, ordering, and the otorpholoii

Soluiu to yield Pd metal at the site of the reditctitin reactiont. of substrate TiO. films. This dependence was tsed to probe the

leasing a footprint of available electruons at the surface. P'd wa hetertogeneities oif the th in semticondtuucting films on Ti tmetal,

deposited tin the oxide surface in lines with a width defined by the

resttlutiont of the focused latser bean idianteter 5-I(pit .

It wias first fotund that the deposition mtatched closely thc Acknowtedzyments -- This iwork was supported b1% lDOE.

illuimination pattemns. Metal depoisited tin the il1LiTi1nated Ssand Agreemient No. DOE,/PE-FGI)2. -I ER-I,5173. The a uthor sould

iobeyed lie phittocatalytic effect -- a preferentitl depositiiin tin in like toi thank R. T. Atanososki f -or ttlany helpful discussiin'.

already deposited Pd metal sites .ts opposedl to a hare Tio.. surface Rfrne

-he. seodosrain-t,(ilteeetoi rpn ht Ill Jacoibs, J NV. N.. 1. Phrs. Client 611. 65(7 :,o,
Thesceindtinsevattinwasha th elctrmni pilprlis lii 21 Koizloiwski, M.R.. Ty ler. PS.Stri. NN.H., .inta,iiki.

Conitrotl metal dleptisit ion swere depenident i tilie (iside crysi IRT ~ (i ~S 31i 61

structure. Osides us ere pie pared at different degrees tif cr. statll till [1) Ghttsh. A.K.. Wakito, F.G.. Addiss, R.R. Jr. Pbsuicatl Re,
nfluaenced by their grhowth rate tif atnodic polarizaition. Electron 18-3,~ 979 11909).

di ffraction has been ised to shiust that slotwely grownt ioxide (-

I tim/b results in at crystalline fi lmi whbile the rapidly growivn filIns

are amoirphouis tir microcrv stal line. Metal deptsitiont was fund

nonticeabl y greater tin a slowsly grown TiD2 fil Ith ~an on a rapid Is

grhtwn film. Two prttposed facttirs that i nfluience this dlepetutencue

are greater UV light absorption and Itinger diffusiotn length tif (lie

phuitioc ited electrtons for the sloiwly growtsn filmu. Greater

elecmrmn-diffttsion lengths, or lotnger survival oif thte electron befoire

recombination, can be protvided by motre crystalline otxides.

Trhe third and mttst impoirtant observatiton is to note at dramatic

change tif rnlorpholtigy tof Pd deptittioe tin oxide grotwn tin

adljacetnt Ti grains, Scannittg Electrone Micrtographs tf ta Pd line tin

twit adjacent grains ts shtwn in Figure I. Aloing with a clearly

defined difference in depousititon pttern froti tine grain tt the tither.,

the particle size of the I'd deposit was alstt different tin lie twit01 20V X0 IOsW
tixide areas. The change in tdepositiuon morphology were caused by

tdifferent sturfaice energy states available to accomnodate the electrtins igitre 1. .SEM mticromgrapht tif It l depisimtion pattern tobtained I(null

for the reatction . Such varititons tif energy states are propuiset tofoue lmint fa Kue11i gwnt c al(IIl,

be causetd by different defect densities in the oide in the fosrtt if laset potwer 3 ikV. 1,1terta I sc iniig speedhi 1 mtt'..tu
conlcenttraition Ill iM.



Abstract No. 717

PHOTOELECTROCHEMICAL CHARACTERIZATION OF In order to identify the energy levels of the defects, the oxides
DEFECT HETFROGENEITIES IN ANODICTiO, F!LMS were characterized by photoelectrochem cal spectroscopy and

photoacoustic spectroscopy.
M. R. Kozlowski. C.-Il Paik, P.S. Tyler, and W. Ii. Smyrl The influence of metal photodeposition on the ph( :oresponse of
Corrosion Research Center and Dept. of Chemical Engineering the semiconducting films is also considered. This include, the

and Materials Science influence of the Pd/TiO 2 interface and photo-assisted

University of Minnesota electromigration of defects 151 in the oxide as a result of etended

Minneapolis, MN 55455 focussed laser illumination.
and
R. T. Atanasoski Acknowledzement. This work was supported by DOE Agreement
Institute of Electrochemistry, ICTM. No. DOE/DE-FGI2-84ER45173. R.A. would like to thank the

University of Belgrade, Belgrade, Yugoslavia suppoo of the Yugoslav-American Fund for Scientific Cooperation.
DOE Grant No. 675.

An understanding of the local properties o hin semiconducting References
oxide films is important in the areas of microel,,tronics, corrosion, I. M.A. Butler, 1. Electrochemt. Soc., 131 (1984) 2185.
catalysis, and solar energy conversion. We report here the results of 2. M.R. Kozlowski, P.S. Tyler. W.H. Sntyrl, and R.T.
a study of the local photoelectrochemical and structural properties of Atanasoski, Surface Science, 194 (1988) 505.
thin (<20 nm) TiO 2 films grown by anodic polarization of 3. P.S. Tyler, M.R. Kozlowski, W.H. Smyrl, and R.T
polycrystalline titanium substrates. The principal technique used in Atanasoski, J. Electroanal. Chem., 237 (1987) 295.
the investigation was photoelectrochemical microscopy (PEM). 4. CI. Paik. NI.R. Kozlowski, P.S. Tyler, W.Il. Smyrl,
PEM is a quantitative in-situ technique which utilizes a focussed submitted to J. Electrovhem. Soc.
laser beam to measure local photocurrents in semiconducting films 5. MR. Kozlowski. P.S. Tyler. W.H. Sntyrl. and R.T.
11-3]. Atanasoski, presented at the 172nd Meeting tif the

The photoelectrochemical properties of thin anodic TiO films Electrochem Soc., llonolulu, Oct. 18-23, 1987:
grown on polycrystalline titanium substrates have been shown to be proceedings in press.
heterogeneous and dependent on the oxide growth rate and the
crystallography of the underlying titanium substrate 11-31. By
combining PEM data with that of structural studies and local mietal
photo-deposition studies on these same films, a model is evolved
which attributes the heterogeneous photoelectrochemical properties
of the oxide to variations in the oxide defect structure.

For oxides grown slowly (- nn'h), by ramping the potential of
the metal substrate at 0.1 mV/s, the oxide photoresponse was found
to map the gra'n structure of the underlying titanium substrate. As
the oxide growth rate was increased the photoresponse became more
homogeneous and the average photocurrent decreased. Similarly,
electron diffraction studies of the oxides showed that the oxide
structure was also dependent on the oxide growth rate and the
substrate crystallography. The slowly grown films had at ordered
ruttle structure with a preferred grovth direction evident on some
substrate grains. As the oxide growth rate was increased the oxide
structure became more homogeneous and the oxide crystallite sczc
decreased. The decrease in oxide crystallinity with increase in
oxide growth rate was also observed in photopectroscopy
measurements as a loss of the 3.7 eV direct bandgap.

Studies of local photodeposition of Pd on these same oxides has
shown that the metal deposition was also dependent on the oxide
growth rate and the crystallogtaphy of the underlying titanium
substrate 141 The morphology of the metal deposition pattern
changed abruptly at the grain boundaries of the substrate. The
correlation of the metal deposition morphology with the local
photocurrents measured on these areas using PEM showed that tie
heaviest deposition occurred on the oxide areas with the lowest
photocurrents.

The oxide properties are also sensitive to the preparation of
the metallic substrate. For the films discussed above the
polycrystalline titanium substrate was polished down to 0.115 ptm
alumina and then etched with an aqueous solution of 2 c/ IF and 49,
hINO 3 . If the etched substrate was lightly ion milled prio to oxide
growth tie resulting oxide had I- -mogeneous photiulectrocheiiical
properties.

We propose that the local variations in the photoelectro-
chemical properties of the oxide films are due to variations in the
density of defects in the oxide. These defects, such as oxygen
vacancies or titanium interstitials, generate sub-bandgap electronic
states in the bulk and at the oxide surface. The sub-band,.ap states
act as recombination centers prxucing low phottcurrents iu areas of
high defect density. These defects produce strface states which
increase the density tif electrons available for the reduction of metal
tons at the oxide surface. The satte defects may therefore lead ito
low photocurrents and high rates of Pd deposition The density of
the defects is controlled by the structure of the oxide film and is
therefiore dependent tn the txide grotwth rate and the crystillogrophy
of the titantiun 'substrate.
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ldeintifleation of Deep-Level Electronic Defects Rersintechniques were usedl to inatch the impedance
by Photoelectrocheinical A.C. Impedance Spectroscopy data to the inipedatice response of the equivalent electrical

D. ficigs Dnhittiati~ Mak F.Oraetocircuit shown in Figure 2. This provided values fur thleD. ivig, oulaniandMar E.Or riemspace charge paratteters ( R2 atid C2 ) and the deep-levelDepartmtint of Chetmical Eigitteering defect paramecters (I and C,
tUniv, rsitv (if Virginia

Cliarliot tecsvill, Virginia 22901 i,, acco~rdance withI standarid Mutt -Scliottky theoiry, 1 /C2 )'
was plotteid agaitnst applied potential. The sloipe yielded
the doping level Nd - N', and the intercept yielded theExcii iii sirs' v s ownocen1tratins. ilel evil elect ritti flat b~anti pioteniitu.

tac -,i Iitlini the bulk of a setmiconductor or at thet sur
fat,,' al ai i .large iii itt ol platielectroclieiial piroceiss * The piroiduct R C, at the flatbati piotenitial in the dlark
11i4 iik itre frt illuit lv idetrimietal~ to the( performianc aof high is eqlual to IA4(-d - N.*,)]-'. This gave us k4, thle rate

,I I lisicis Tie,-cajpacitv oibtaitied frioti A.C. ittpedni ance conistant fint transfer of electrotis frcin the conduction band
iJtor odutdudrmt ioacliriiat i suil biatii gapl to fte tliterl bantd~ defect.

ittiliato ha ben ed to idenutify thle emtiegy levels ass,- a Shtarp t ratnsit ions in R?, am a futnct ion of illumntion fre-
i it Iiul thle". bills. ht hi techntiqule is tnot seIsitive qitinciy yieliledl thet energy gap associatel with a transi-

to lo" -lit-itratiitin muid lo-s tiot piruidie itnfiurtitint oti tiott. Print this sc calculated the trap energyv ET. In
tiele 1-, it nll r t ,it ... ti of tiles states. Thrutgh i~v ii- Inrevious wi,' - 'changes iti capacity were used to cih

opl"1 if ciiipre~hetisive t rittiport based ttathemiatical ts- tint this uratiuter. oiut the resistive tertt was ttiih tmiore
(' t ofi fiiji'i latil, respiionse (if tile setiiendauctor. we have sestv o wciiniettratin ofdfcs.

shownvt thlit tie resist iv ecomttpontent of the itmpedatice respuitise
i, 1111 I more sitisu1tivi to these states that, is til ctjaaitive e Tit( trait etuergy was useid to calculate thre equilibriumn
elitipolutt.' ThLIS iesilt hits been~t rtiiirtel.' hilt the ressttive valli for A-.; throitghi eqiuilibriumn expressions (see Figure 3

Comporw t is mtuchi tin-ir diffictult tol interpret thll, is tit" ca- fir a schiettatic repiresentatioi of the kitietic schettni i-iin
tiaitsim n Ali appuroaci is binig il ielti, lit- bottilei siilereul here).

reto io tvni.Icii tite v lgiiiti tetit, diftribu-tpi t and repoisen a Tile valte of Ri at the flat hand potential in the dark

tioti mite anisiti iSli teul with delevis'Ielclttic de- yielded the a .verage rot eentration of defect states through
feet'. Till miay hi-s- nihiliinto tin ouito, cha~racterizationt if ati a,sciltijttc expressiont, lii.,

".1clIleo plcliriilvte iltultrfes at
1 

ti, itiexpentsive tioti 21?T
lis!true i' eiti\ ..... nif rut ,,,it'-ri.l used ill ilvie, faiiriatioiu. R ~ \jf. 1(17

wludiu "li irlilti explicitly fur thle trlutis,irt itild riiiit svlir A is the setticionduictiir IDebuc letigthI and CT is the
biitiatioln reactiotis itisolvitig ieitrutis. holes. ate

1 
elect ri, t - state' contcetrat ion,. This coutcet' ratin reflects a weighted

feet i loca~ted wit bin tilei biadgap, Tisl modnel wais used
1 

to ,ivil- averiage over several Delive lentighs iti the setticotiniuctor
tlate til life't of ihieti lexel 'trite, ,it the, ittpedatice res.. ,ise near tie( sutrface. St ale contcenitratiotts calcitlatedl throuugh

oi, i,lllv poulariz'lsttiuii Iiti -lcnil and, ti guile uh this l,utliiuu (solid bullets) are conipareid to itnputt disti-
celiputti'tt of aplprillriliti antalyt ic as,int,,tiv soiliutions.. TIe bli,i lit Figure 4.

mto thti's propoisedl bere for itipretitig the itiju-dliei As ii sttadardl C - V' purofilinig, which Uses chatnges iti the
resit ise uiniier sit, bands gapu miintichlroitiatic illumination, iti cja tv comiiontetnt isithI appliedi poitititial tii oibtaiti the
termis if defiet stat's is prelimitiary iti that it apiplies iuily tii d,lint iitriitioiti. chiatiges itt thre resistive cottpotienit of the
sitigle iluficts iif it sitigle' itirgc. This work will he extenided, toi ili~liitiau'e withI appjliedl poitentiall itndicate the state ihist ribs,-

arloit fir muiltip~le li-fe, andl toi defects ehiaraetiri/eul tbc a tioit.
eoitinuiiouis (list rihlt ilt iof enerKY eviels.

Discussion
Tlt-' paramtet ers used it this st udy coirriespiindi to at it type

Gaks elemt ..Ie A typical calculated Nvqitist pl is shown lit The miethodu prouposedl here is still irelittiiar\y atti re-
Figitri I Thie'inrl,s ciirrespondtiut, calculated points for uhf. qil's experimtettl serificatiut. The coutiplitig of compitrelienl
feretit fi,iieteie and' applied poutetiails. The, solid titl(, rep sisi mtht at l itcal ttiuuill wsith eixperitmenttal (fila hiiuseer.
resentheuretits fi- cacltdpit ovt 11iael uyYedaw tii ititerpiret thet resistive comitlultit of the
elect neal circuit shouwn iti Figure 2. Thisiequivaletnt cireitt ititpe',li ii whlich is miuchl moitre sensit ive to ilep lesvel states
which tiatehi,'s ouir cal,iilatiiots for bulk deep level state-s, is thll, is t lie cap~acitiv silplln
tle -anu aiis that gisveti ti Da~re Edwardls it al.' for suirfae
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Figure 2. Equivalent electrical circuit matched to experimental
data.
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Figure 3. A schentatic representation of the recombinat ion and
generation kinetics studied here. The trap energy is used to

S00 calculate the value for k3 through equilibrium expressions.
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Abstract No. 719 of interstitials (Zni). Zinc excess can
High Resistivity ZnO Films also exist in the form of oxygen

vacancies(V ) ,
J.K.SrivastavaLily Agarwal Zn:Zni t e' + 14)
and A.B.Bhattacharyya Zn=Znzn +V + e' (5)

Centre for Applied Research Incorporation of Li (monovalent
In Electronics metals),which takes place at irterstials

I.I.T. Delhi 110016 INDIA as well as substitutional sites leads
to drastic increase of resistivity. Li

The purpose of the present research doping occurs according to [8)
was to increase the resistivity of the t +
ZnO films by diffusing lithium and to Li20 = Lizn + Lii + 00
study the characteristics of the ZnO Li interstial takes the sites of a zinc
film before and after lithium diffusion, lattice as follows
For surface acoustic wave applications I +
ZnO (piezoelectric material) should Lit + Znzn + e' = Li zn + Zn 1  (7)
have high electrochemical coupling
constant, temperature stability,high Or generatesan oxygen vacancy
electrical resistivity and singley +
oriented crystalline structure. The C- Lit - e' z Li zn v V0 (8)
axis oriented ZnO films show better

results.Using sputtering techniques ZnO The fact that lithium doping
films have been prepared whose coupling increases resistivity while the
constant is close to those of single concentration of Zn i. or V o+ iscrystal ZnO [I]. increased demonstrates the loss of donor

The operational frequency is a states. A complete replacement reaction
function of resistivity and a is as follows,
relationship is given as follows. Under
depletion or accumulation conditions 2Litye'1+Zn - Lii*+n11
frequency at which device performs is
[21- Thus two donors (Li1 ) are replaced by one

f << 1 /td  (1 Zn. giving more donors than in the
original crystal. Landor [91 reporated

where td is the dielectric relaxation that in equilibrium the concentration of
time which is given by Vo and Zn i  must decrease which is

td:&o p (2) con t r ad i c ted by eq n . ( 9 ) . This
controversy can be explained by the loss

where E. is the dielectric constant and of ZnI  with its electron which diffuses
p is the resistivity of ZnO. If we out, thus causing an increase in the
increase resistivity we can decrease tne resistivity. AES uos a less intense
operational frequenpy.tResstivlty peak at 990 eV and a shift in doped ZnO
values vary from 10 t 30 Ohm-cm samples which is interpreted as the loss
depending upon sputtering conditions of Zn and/or an increase in the O/Zn
ie by changing the ratio of argon and ratio. IR spectra show the peak of Li-C
oxygen gases [31 and/or by doping Li in the doped ZnO films which is cot
using Li compounds ['a] and by using LI observed in tie undopel InC clearly

doped targets [5,6 . Maximum value of indicating Li replacing lattice sites.
resisjvity reported by Tadashi Shiosaki Acknowledgement:
is 10 Ohm-cm usi.,g Li tarde*s. The authors thank Mr. S.Panwar

Li diffusion is carried out by fo.azcful discussions an Dr.O.Bose for
bubbling oxygen gas through saturated encouraging this research work.
solution of Li 2 C 3 in DI water (Li 2 CO3  References:
solution is kept at 950C during I]. .. D. Larson , D. K. Winslow and
bubbling).Tem erature for diffusion is I. T. Zitelli, IEEE Trans. Sonics
500°C and 600 C for 45 min. followed by and Ultrasonics SU-19, 18-2(1972).
oxygen anneal for 15 minute at the same [21. P. Richman, " MOn Field Effect
temperature. The patterns were defined Transistor and Integrated
by lithography for metallic contacts. Circuits" John Wiley & Sons, N.v.,
Resistivity was measured using the 56,(1973).
formula [3 .D . Davidson and 1. 1. Maissel,

p R N A / L J. Appl. Physics, 37, 574(19b6).
R W t / L (3) [4). R. F. Belt and G.0. Florio, J.

R:measured resistance ,W:wldth of the Appl. Physics, 30,11, 5215)196o ).
device, L:iength of the device and [51. T. Mitsuyu, S. Cno and K. Wasa,
t~thickness of the ZnO film. Surface and J. Appl. Physics, 51, 2464)) 980).
bulg resistivities of ZnO film were [6]. Tadashi Shiosaki, CLirasonics
measured. Sympos ium Proceeding IEEE,

Resistivity of nO film obtained is 100(1978).
of the order of 1C - 0

7 
Ohm-cm 4 bul [71. 1. Ag,,rwal, J. K. Srilastava ard

resistivity) and after doping 10 -1 0 A. B. Bhattacharyya, to he
Ohm-cm resistivity is observed, while communicated.
surface reslst v wit is Found to be Of 181. P. Bonasewico, W. HirschwaId and
the order of 10 -I0 Ohm-cm, Resistivity G. Neumann, J. E ehem. Soc., !33,
of Zn film prepared by sputtering 2270(1q6,).
technique decreases with increasIng [q). J.. Lander, J. phys. Chem. S II-is,
temperature [71. ZnO is an n-type 15, 324)(lQ6 }.
material due to excess zinc in the form
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Abstract No. 720

Photoresponse of Stainless Steel Electrode and all currents were measured at once. Trn
Attacked by Cl- Ions in Acidic Medium induction time of pitting was shorLx

that of Fig.2. The photocurrent was increas-Shenomin Cai
4
, Shenhao Chen

. 4  
gradually still the same as the total cuirn:Yeohu Dong, Xiao Chen't Huaquan Yang

4  
increased rapidly. The light was chopped onDepartrwint of Chemistry,Peking University and off manually at periods of 60 seconds re:Beijing, China each case.Apparently we still obtained 'tru-Department of Chemistry.Shandong University Iph because this Iph decreased to almost zcr

Jinan, China when light was off.
Fig.4 shows the results when the el,

trode surface was illuminated continuousiyIntroduction All other experimental conditions rnar.-.
similar to Fig.3. The increasino rate of IjqhThe photoresponse of the seainless steel and I, are larger than that of Fio.3. A p,-in neutral medium was identified in previous ssible partial exploration is photocorrosion.reports. Photorusponse measured in acidic Fig.5 shows the influence of concen-medium has not been reported. In this work we tration of CI" ions where it was chanoed toobtained the phoEoresponse in acidic medium 0.30W.In this case the competation of the t-:when Cl- ions were added into o.SM H2SO, so- processes (formino of pitting and repairinolution. Th. photocurrent increased gradually of film on the electrode surface) resulted inwhee the total current increased rapidly. To the fluctuation of It . Iph also fluctij:cedthe best of authors' knowledge, no work has correspondinoly and became noisy. le foundbeen found on this topic. 0.301-1 of Cl- of the above phenomenon is
critical concentration.Experimental tIethods In Fia.6,the solution was not deaeraeed
with purified nitrogen. The increasing rateAll experiments were performed on of I, was slower than that of Fig.5. It re-lCrl81i49Ti type stainless steel electrode sulted from elimination of fluid movement d'4ewith diameter of 0.5 cm. The electrode was to nitrogen bubbling.sealed with epoxy resin (DEVCON),and only the The Iph measured were always position,working area was exposed.Before using in each this was due to the n-type semiconductiveexperimar:.it was polished with emery papers property of the electrode(4). We believe theto mirror-like brightness, then rinsed with increase of Iph when C1" existed in solut:r.alcohol and distilled water separately(l).All was mainly the result of oxygen ionssolution were deaerated with purified ni- of the passive film partly replaced by chlo-trogen. The reference electrode was Hg/HqgCl, ride ions (5). Changes of related energyin the same solution and all potentials re- levels, band gap, surface states as well asported here were referred to the normal hy- concentration of charge carriers may bo alscdrogen electrode (11HE). The light source was responsible for this effect. NIo conclusion40 watt halogen-tungsten lamp with light in- should be made at this momentbut the presenttensity of 81 mw/cm. The photocurrents mea- method can probably be used to detect the in-sured with chopper frequency 11.1 Hz were duction period of pitting and study theinterfaced to IBW-PC/XT computer after it had changes of composition and structure of thebeen amplified by lock-in amplifier (PAR electrode surface when Cl ions were added.1(5206, time c-)nstant of low pass filter is 3

seconds). T, computer had the functions of Acknowledgement
data discrim. Ation and data averageing. Allmeasurements were conducted at room tempera- Projects supported by the Chinese I-ture of 21±2

0
C with circuit improved on the tional Science Fund.

basis of (2,3) (see Fig.l)

Results and Discussion References

1. D.1..Drazic and S.Chen,Electrochir.Acta.
Fig.2 shows the variation of the photo- 27,1409 (1982).

current Ipk and total current I with time.The electrode was passivated in 0.5M H3SOat 2. C.LiuS.Cai,S.M.Wilhelm,S.DKapusta.0.70 V for 10 minutes, no photoresponse had A.Viehbeck and N.Hackerman,Scientia Sinizbeen detected in this period.Concentrated KCI (series B),27,225 (1984).
was added at zero second to 0.4M, three cu-rrents were measured chronometrically (photo- 3. S.CaiJ.Zang,B.Shao.Y.Wu and J.WanaAcracurrent Iph , the readout of the same Iph when Energiae Solaris Sinica,No.4,35: (19S6).light was chopped off manually and the total
current passing the electrode Ir).From Fig.2, 4. S.M.Wilhelm and N.Hackerman.J.Ele'ctroch-,.
it reveals that iph can be stabilized at zero Soc.,128,1668 (1981).for some time. This relates to the induction
time of pitting. Afterwards IPh start in- 5. T.E.Pou,O.J.MurphyV.Youno andcreasing at about 360th second and relevent J.0'M Bockris,J.Electrochem. Soc.,total current also increased oradually.It ob- 131,1243 (1984).
viously meant that pitting started. From the
fact that Iph still decreased to zero as light
was chopped off,we confirmed that Iph measured
was real photocurrent. No other reason such
as instrumental characteristics, electric
noise etc. may be account for this Iph.

Fig.3 shows the typical results in the
case that the electrode was directly inserted
in 0.5M HS04 +0.35M KCl solution at 0.70 V
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Abstract No. 721

POTOELEC1ROChENICAL ETOIING OF BLAZED ESAS ELLE the angle of the crystal slice with respect to the
G8ATINGS IN N-GaAs (100) surface. and N is the number of grooves/cm. In

J. Li, . M. Carrabba, J. P. Hachey. S. Nathew the present case. n = 6, N = 500 and W = 2 x 10
- 3 

cm.

and R. D. Rauh To demonstrate the photoelectrochemical etching of

tIC Laboratories. Inc. blazed structures, crystals were cut with (100).
ILoro asachetts 02n62 (100)-8

° 
and (100)-18* orientations. The electrolyte

Norwood. Massachusetts 02062 composition was O.iM KCI, adjusted to pH 3, and the

light intensity was 30 mW/cm
2
. The potential was held

INTRIUCTIOI at the onset of the photon limited region, 0.4V vs.
SCE. Initial structures were etched under the assump-

Photoelectrochemical etching can be a technique for tion that the interior angles were 70.54, as defined

producing microstructures in semiconductors with a by the (111) Ga surfaces. However, we found under
closer examination that this angle was dependent on

high aspect ratio and lateral uniformity. As an the ehin tion an th e ele end wa

example of this application, we have reported recently the etching conditions and on the electrolyte, and was
On rodcin satooh gatigs n (00)orinte crs- closer to 90 

° 
under the present conditions. This

on producing sawtooth gratings in (100) oriented crys- would correspond most closely to the (223)Ga-rich sur-

tals of n-GaAs using this method [1]. The process fac With a Oo age equai () r-

takes advantage of the orientational dependence of face. With a 90
° 
interior angle, equation (1) pre-

photoelectrochemical dissolution of GaAs, which favors dicts a charge of 10.6 and 8.6 C/;ui? required to etch

the (111)As over the (111)Ga polar face, similar to the gratings in the (100) and (100)-18* degree sur-

some types of oxidative chemical etching [2.31. Etch- faces, respectively. With coulometric monitoring,

Ing in the (100) surface necessarily results in symme- both unblazed and blazed gratings were produced with

trical groove profiles, while most optical applica- pointed tops and bottoms and extrvmly smooth walls.

tions of gratings require unsymmetrical blazed struc- A scanning electron micrograph (SEM) of the blazed

tures. structure frm the (100)-18* surface is shown in Fig-

ure 2. The blaze angle of 60* is slightly less than

It is the purpose of this paper to demonstrate photo- the expected value of 63, an error probably due to

electrochemical etching of blazed, deep Eschelle grat- inaccuracies accumulated in the cutting and polishing

ings. These gratings are employed in a variety of procedures.

electro-optical devices and In very high resolution
spectrometers. Because of the large amount of mate- Since making cross sections for SEM analyis is a

rial which must be removed in the fabrication, they destructive technique, an optical method was developed

are difficult to produce with smooth walls by conven- for routine determination of the blaze angle. The
tional ruling engines, particularly in the low groove gratings were mounted on a graduated turntable with
densities frequently needed. the grooves parallel to the rotation axis, and illumi-

nated with a He-Cd laser source (442 nm). The zero

order reflection was used as a reference point, i.e.,

EXPERIMENTAL when the grating is 900 with respect to the laser
source. The grating was then rotated and the angles

GaAs wafers (n-type, 5 x 1011 cm-
3
) were cut from a recorded which produced a back-reflected beam that

boule supplied by Bertram Laboratories. Diced wafers passed the laser aperture. The angle of the brightest

of 5/8 x 5/8" dimensions were mounted as electrodes back-reflection is the blaze angle (e1). It can also

and then sequentially polished with alumina abrasives be calculated from the order number (m) giving this

down to 0.05 Um, and finally chemomechanically pal- strongest back reflection, according to the grating

ished with a silica/bleach slurry. Grating patterns equation

were produced in positive photoresist (Shipley 1350J) mx = 2dsine (2)
with a periodicity of 50 cycles/mm. A line to space

ratio of 2 was determined to give optimum results 14). where d is the groove spacing and A the wavelength.
Both the photoresist exposure and the photoelectro-

chemical etching were accomplished using a highly col- Table I summarizes the blaze angles for several grat-

limated UV source (Oriel Corporation 87301 Illumina- ings measured from the turntable angle, from equation

tor). All experiments were conducted with potentio- (2) and from SEN cross section profiles. Also

static control in a 3-electrode cell with a standard included in Table I are the complementary blaze

calomel (SCE) reference electrode, angles. 02, measured by rotating the turntable in the
opposite direction (GI + 62 490'). It is seen that
the three methods give results that are in excellent

RESULTS AND DISCUSSION agreement.

In order to produce blazed Eschelle gratings, it is
necessary to cut the GaAs crystal at an angle off the ACKNOWLEDGMNT

(100) plane toward the (011) plane. As shown in Fl1-
ure 1, orienting the photoresist lines in the 101(] This work was supported by NASA and by the Office of

direction should then give rise to structures with the Naval Research.

interior angles governed by the preferred Ga-rich sur-
faces. One advantage of photoelectrochemical etching REFERENCES
for producing these structures is that the process can

be followed coulometrically. The charge, Q, required I. N. N. Carrabb, N. N. Nguyen and R. 0. Rauh, App.
to etch the V-groove sawtooth pattern Is: Optics 25, 4516 (1986).

0.5 W
2  

2. M. M. Carrabba, N. N. Nguyen and R. 0. Rauh, J.
Q(C/cm

2
) - 3.54 x 103 nN(cot(m_0)+cot (IB)) (1) Electrochem. Soc. 134. 1855 (1987).

3. M. M. Carrabba, N. M. Nguyen and R. D. Rauh,

Here, n is the electron stoichiometry (equivalents/ Naterials Research Society Symp. Proc. 75, 665

mole) of the photoanodic dissolution reaction, W is (1987).

the width (cm) of each groove, a is the angle of the 4. J. Li, N. N. Carrabba and R. 0. Rauh, unpublished
groove face with respect to the (100) surface, 4 is results.
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Tible 1. Properties of Photoelectrochemi-
cally Etched Eschelle Gratings f

Orders Blaze Angle 01102
Sample for Turn- Eq.? SEN Theory

61102 table

1 63/64 43/45 44/45 43/44 45/45

2 64/65 44/46 45/46 44/45 45/45

3 71/56 53/37 52/38 51/39 53/37

4 70/57 52/39 51/39 51/39 53/37

5 78/48 59/31 60/32 60/30 63/27

Sample key:
1. (1003). 0.5 N KCl
2. (100), 0.1 N KCl
3. (100)-8-, 0.1 N KCl
4. (100)-8', 1.0 N KCl
5. (100)-180. 0.05 N KCl

(100) 540

(I1I)Go I I I)Ga

\720

Fig. 1. Cross sections of V-groove formed by photo- Fig. 2. Scanning electron micrographs of blazed
electrochemical etching of (100)n-GaAs slots defined Eschelle gratings etched photoelectrochemically in
in the [011] direction, and in two surfaces cut at the (100)-18o surface of n-GaAs. Groove spacing is
intermediate angles between the (100) and (111)Ga 20 pm.
surfaces.



Abstract No. 722

THERMODYNAMIC AND PHASE EQUILIBRIA STUDIES OF THE At 1119 K, GM - -3.27 kcal/g-atom was
ALUMINUM-ANTIMONY SYSTEM obtained. In previous work by Samokhval and

Vecher (4), the free energy of formation of AiSb
C. A. Coughanowr, J. J. Egan and T. J. Anderson* at 800 K is reported as -5.05 kcal/g-atom. In

order to compare the results at 800 K with our

results, the enropy and enthalpy data for AliSb
Brookhaven Natio-si Laboratory from Lichter and Sommelet (5) was used to derive a
Department of Applied Science temperature coefficient for G

M .  
Our resulting

Upton, L.I., NY 11973 value at 800 K was -4.91 kcal/g-atom, which agrees

within 3% to the value of Samokhval and Vecher.
*University of Florida

Chemical Engineering Department Titrations across the solid compound, AliSb,
Gainesville, FL 32611 have yielded information on the nature of the

homogeneity range in this system. While these

results are still preliminary, this work has
Introduction succeeded in measuring the homogeneity region in

AlISb for the first time. Figure I shows a typical
The growing interest in the use of III-V titration curve through the homogeneity region.

compounds in semiconductor devices underscores the The drop in emf through the solid phase is bounded
importance of determining the properties of these at the top by the antimony-rich two-phase region,

materials. To establish equilibrium boundary with a constant value of E - 0.520 f 0.003 V, and
conditions for such processing steps as bulk crystal bounded at the lower end by the line shown on the
growth and liquid-phase epitaxy, knowledge of the figure at E - 0.432 V, which represents the
phase diagrams and other thermodynamic properties is aluminum-rich two-phase region. Due to the
needed. In the present work, thermodynamic and uncertainty of t 0.003 V in the lower emf bound,
phase equilibria data have been obtained for the the exact width of the homogeneity gap is also
Al-Sb system, using high-temperature electrochemical uncertain, but has a value of about 0.0010 *
techniques. 0.0004 mole fraction.

Experimental The shape of the titration curve in Figure 1

also provides information about the homogeneity
The thermodynamic properties of the Al-Sb region. As demonstrated by Wagner (2), modelling

system at elevated temperatures were studied using of a point deect structure in a binary compound
the method of t ulsmetrit titration, introduced by yields an antisymmetrical hyperbolic sine curve
Wagner (1,2). To improve the diffusion and with an inflection point at the ideal stoichlo-
equilibration rates in the Al-Sb system, thin film metric composition. In cases where the inflection
electrodes were employed (5-15o), following the work point lies close to the boundary of the homo-
of Egan (3). geneity range, the inflection point will not be

clearly distinguishable. In the present work, the
Emf data in the temperature range 1115-1175 K curve in Figure I does not show a clear inflection

were obtained from the following two types of cell: point, but rather approximates the right half of a

hyperbolic sine curve. This indicates that the
Ca-in (1) CaF

2 
(s)jAl-Sb (I or a), AIF

3
-CaF

2
(l/s) deviation in stoichlometry in AISb is primarily on

(I) the Al-rich side.

Ca-Sn(l)jCaF
2 

(s)IAl (I), AIF
3
-CaF

2
(l/a) (IS) Acknowledgments

in which single-crystal CaF
2 

was employed as the This work was supported by the Division of
solid electrolyte and the well-behaved Ca-Sn liquid Chemical Sciences, U.S. Department of Energy,
alloy served as a reference electrode. The Washington, D.C., under contract No. DE-ACO2-
composition of the salt mixture, AIF

3
-CaF

2
, was 76CH00016. The authors are indebted to Mr. R. J.

selected to ocintain a two-phase, and therefore Heus for his invaluable assistance with the
composition-invariant, state. The experimental cell experimental work.
design is similar to that described in Reference 3.

References
Results

1. Wagner, C., J. Chem. Phys. 21, 1519 (1953).

From the emf data obtained over the composition 1. Wn C

range XAl - 0 to XAl - 0.5, partial excess free 2. Wagner, C., in Proess in Solid State
energies were calculated: Chemistry, Vol. 6, Reiss, H., and McCaldin,

J., eds., Pergamon, New York, 1971, pp. 1-15.

A 3F (EI - Ei) - RT In XA1 3. Egan, J. J., High Temp. Science 19, 1Il

(1955).
By integrating GA1 over the same composition

range, the free energy of formation of AISb was 4. Samokhval, V. V., and Vecher, A. A., Russ.
obtained: J. Phys. Chem. 42(3), 340 (1968). -

N 'AI E 2 5. Lichter, B. D., and Sommelet, P., Trans.0 - (t-xAl) GAl/(15A1) duAl Metal!. Soc. AIME 245, 99 (1969).
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Abstract No. 723

ELECTRO8EFLECTANCE STUDY OF METAL hand To metal ions
SUBMONOLAYERS ON ZnHgTe ALLOYS Mi e * M

In I iq. I, dur ing thte posItfive scan, ant
C. Nguyen van Hojorig Ox idatimn react ion is obser ved at about

cbrtiedlcrcrmeItrail,0. 30 V, whi ch does not cor respond to tire
eRRS, I Place A.Riand, 92195 Heudori oxidative desorption ot the metal deposit
Principal Cedex, Prance but to superficial oxidation of the metal
P. Lemass on layer. Thus in order to avoid this react ion
Labor ato ire de PliotocAi iie hula ire, CNR85, 2 Our i og the per tot mance of PER measurements
Ttw H.butrait , 94320 'phi cis F.rarice which ate done at t i wed deposition

potentials and with an cc modulation, the
applied dc potential is never positive of

Metal deposition ont semiconductor -0.65 V. After Measurements in metal malt
substtates by eler trochrmical technique has containing solution, the electrode (with
heeti emplonyetd Ior Several purposes i ) for metal deposit ) was trisi er red in supportingt
the pr otr'et toi oft lstw trdgaqp semiconduictor electr olyte arid FIR measurements were again
electrodes ttom cottosion iii pliotoelectro- performed to study the behavior ot this new
chemical cells, ii) for catalyzing the M/SC strueture in this Electrolyte.
hyli ogert pritduct ion in solar cells 11,2]
lii) f ot ohtaitiitqugod Schttky batrrlets (3, b) P:tctr otflctatee. The i nfluetrce of
41. Electtochemical terhtiique is a very Metal electrodeposit. on ERresponse is
converi,eit method for metal deposition, observable for all tire Materials Studied. We
Coverage, turin. microstroicture ot the present here only the most trmarkable
riepos;ir cart be easily conttol led fry solut ion tesultin. lt t 1. 3 coid 4 are shown the
ctompfosititon, deposition potential aod mass- spectra obtained with Cu/SC and Ag/SC
trispur t ctttttli t l OTIS. sttructur em lot Zn Flg xTe (x - 0.'12 artd

Zinc mercury telluride (%MT) is a very 0.53), spectra obtai
4  

with bare SC
rica material, more stable than cadmium surfaces ate also reported for comparison.
setcrrry tellr ide 1). TZlT appears to be Tfte latter show the character istic
very pruri!;irig anid of grieat interest in the Osci llatiots due to the L transition (A
field of IN detectors anid optoelectronic A .I The itransit in enet giAr; catIcolatcd fry tthe
devic'es. Thus it seems imptortarit to study PJ~pncs three point mc thud are respectively
rThe leag Jiiity ott mettal dir-tr~depric t irt 3.0'/ arid 2. .11 cV, tire firorrlretirrt tactor 200
it Ili--~ S.i:.ttt subsequent ly the iehavio itt i attd 130 mvV. 'T' ptreseirce ol a metal layer,
fnilh H/:;i 'It tortures. Ciu or Ag, r Infuces a hr oad tew' featre in the

In this work, Cu anid Agt deposits; were eniergy range 2.5-2.8 eV tor x - 0.12 anid 2.4
[-trrTd n tn ectrncilrnirally iii the (lk oii 2.6 cv for X - 0.5 Ai. 'itiV Iiriesfipe ot tr
ZTI The riii' elect rotlyte/ H/Se interf1aces spectrta is continuously modifIied by the
act e cha ate i ted by cycltitc vol tarusetcry and rOver agi. The ampirtude arid energy (it tire
elit i irlyre elecrroret leitice I HER) cnd s-i' new feator' irrcrrdase with irrr:roarinqi
inttenddt in. coielate tire results with tire esiveragi privided that the Icr terF itrirrc

ocruttrnl arrid tJirmiel littler tits oi tire lower thurn a moiroltyr. It was rioted that
it eltate tot t;ome st tUrc rsto depsi t , the' SptOCi tom

exhiriti vr'iy large, vi ,atjI Wts.hent rt'e
EXPERIMENTAL covetrage is c lose~ sir higher thant a cono layert
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ELECTROCRYSTALLIZATION OF TELLURIUM
AND CADMIUN TELLURIDE AT THE

GLASSY CARBON SURFACE

EMori and K. Rajeshwar
Department of Chemistry

The University of Texas at Arlingion
Arlington, Texas 76019-0065 001

There have been many recent studies on the
cathodic electrodeposition of Te and CdTe on inert
substrates. These studies have been largely spurred by
the applicability of these materials in the energy
conversion and electrooptical device areas. On the other
hand, these systems offer ample scope as model 00 _
candidates for probing the microscopic details of 0 0 0 s 2
nucleation and growth at a foreign (inert) substrate. To (time/sec)
decouple the complications induced by adsorption that
seems to prevail at noble metal surfaces (e.g., Pt, Au),
we chose glassy carbon as the substrate for these initial
studies. We believe that the examples in this paper
constitute the first detailed examination of the temporal I clv s-,s, 0 Tn c Th 5,n, glt , ,vvnn ,, cn
aspects of nucleation/growth of a semiconductor via the - 30v Vi AwAgCll
cathodic deposition mode. Elegant studies exist,
however, for the anodic electrocrystallization of a
semiconductor involving a reactive metal anode (e.g., the
CdS system, c.f. Refs. 1,2).

The potential regimes for probing the nucleationl
growth kinetics were first established by cyclic 0 oW20
voltammetry (CV) on a TeO2/H2SO4 electrodeposition
bath to which incremental amounts of Cd

2
+ were added.

Signatures in these CV profiles in the deposition and
stripping regines on addition of Cd

2+ 
revealed the

assimilation of Cd
0 

into the Te matrix as induced by the
free-energy of compound formation of CdTe. 0010

Figures 1 and 2 contain representative transient
i-t profiles for Te and CdTe respectively. The three
regimes of these current transients, namely the initial 000005 ,

decay region, the subsequent "growth" regime, and the
final diffusion-limited decay are quantitatively analyzed
in terms of known rate laws. Plots of reduced variables 0 ooDD ° o -- n --o-- - ,-,-.

also aided in the selection of the appropriate rate law. In (time/sec)
both cases, a two-dimensional growth law with
instantaneous nucleation seemed to provide the best fit of
the transient 4-t data. The third regime obeyed a t-

1/2

decay law consistent with the diffusion-limited mass
transport uf Te

4  
to the electrocrystallization surface. Fig-n 2: Cs v , p n , oca' nn i,.,nony ,,ln csi

-unf-ce C-rc notauon a m Fig I
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Abstract No. 721,

Effects of Superficial Topography on lniformity creases. Also, as width I, increases. height h tends to inc,Is-
of Spun-on lResist Film On the other hand, peak position p does not cars as lch ai

pile-op height h.
Fig.3.1 anti 3.2 show the dependents of pile-up heighl

Mklkeno, Il.Kawashima, O Kaneda, and Il.Saeki h and peak position p on spin rotational speed and parameter
/(location of groove). Iierethe depth of groove d is about 2pii

1,S1 R&[) Lab. Mitsuishi [Electric Corporation and its width a' is abotit 70,um. In Fig.3.1. as spin rotational
4-1 Mizuhara. Itatiti, Ilyogo 661. Japan speed increases, resultant resist thickness decreaseslindicalrd

by solid line with solid square dots). liowever, in fact, the all-
solute value of pile-up height h increases with the ins rea-se if
spin rotational speed. Similarly, if the location of gr 1-*1 } (1-

far from the wafer center, the pile-up tends to be highcr "ih,
1. Introduction value of peak position p decreases with the increase if p,

rotational speed, as shown in Fig.3,2. And. if the gro- is
In :he VLSI fabrication process, lithography is one of the far front the wafer center, the pile-up peak approaches to the

dominant techniques, and in olany cases resist film is made on groove.
a wafer surface by using a spin-coating procedure. As pattern From these results, we can assttle that the effect of tire
size of micro circuits decreases, the demand for uniformity of centrifugal force on the resist material oit substrate plays a
the resist film becomes stronger. So. much substantial effort major role in the pife-up mechanism.
and many studies have been devoted to developing new lithog- Now, let us consider the mechanis of tie pile-up phtt-
raphy processes that have less pattern size variation with more
uniform resist thickness. In some studies, the superficial to- omaterial is dropped onito tie wafer surface atin ha a thicknss
pography and the planarization properties of resist film were which is tuch greater than the fittal tlicklss of resti flns
discussedt- In otany cases, resist thickness distribution over B3ut, as the spinning(rotating) procedure cint tilies, resist tia-
the full range of wafer size is also much important. For exam- terial flows toward the outside of the substrate according to
pie, some electric devices, such as solid-state imagers, reqlire the centrifugal force, the solvent evaporates, andl tle thi<kies
uniform resist thickness everywhere it their chi p s, even close of the resist layer is reduced. At this time, the, surfae profih,
or very close to the dicing litte. sualtlv step-liright tear the
dicing line is about I to 5ttt, so thickness if tie rist lin of the resist layer varies aecording ti the lullrlting topogra-
near that line is not uniform, This is widely recognized, we phy. i.e., the groove line. And the thic kitess of tte resist loyr

nearnear the groove is less than that far from the grorg l Thi
believe. In such a device as a solid-state imager that has ac- is equivalent to the inlet portion of the rti material to the
tive elements or area close(often very close) to the dicing line. groove becoming narrw. Therefore. a differen sist ,.ateil fl
this non-uniformity of resist film causes a very serious problem rate is produced between the inlet ani outlet lo l grti i..
of a variation of sensitivity and that cause all increase of pressure in the resit iaxer iiar

In our studies, we have observed a spectoular pile- tne groocae
nottenoti of a pile-tip of resist filzi near a groove. Iesist flin If i e can assume that he surfrooveeio. if li,, r,,,i
pile-up oeeurs not oin the side of the groove awa) front the ri- layer is constant, then ati iicrease of pressuire in tlie rsist
tational center of the wafer but rather oii lIt sid facing th layer causes a reduction if the radiif (lirsa ire ill Ii, resist
rttational center. We found that sch resist piil-up cslvts it it surface. And that. we believe, is the reason hi Ih le resist ftih
clop aria, which will causes serious defe(-ts iti t l h, i , lis piles op,
phenomenon was out of our expectation and i mil liltrattlint. iou
we decided to frius on this prltdiem

4. (onelusion
2. Experimental II a resist spin-coating process. se hav foun Ili pihl-

We have prepared 5-inch size Si-wafers with grooves of tip pheuiottena of resist fil near a griote liec, like a hit in g
various widths and depths, appi Pd resist materials in those line. The resist pile-up caused by a g role t- ur- 11n Ihi(,
waters. and perfortied spin-coating procedure under certain of the groni faciig the rotational center, AttI ,, he liight I

ctinditions. After post-baking, superficial tipographies of re- pile-up depends ot depth If the grolie width iIf i,, grill.
sis( surface near the grooves were tteasured by mans of surface spitt rotational speed, lottli l(,it on list rate. risist y)p. and
proflorieter(Tencor, Alpha Step 200) . Mea-sirernetit dirction so on. We assumed that the pile-up Is iaued I, h i ,
was fixed, perpendicular to tIe groo,. The reproduced profile (if pressure in the resist filii.
and measurement points are shown schematically in Fig.i, in
which h represents the pile-up height and p representts the dis-
tance from the groove edge(refined as shown in Figil) toii the
pile--up peak position. References

I l..K.White.1 .Eltetrcu ii So \o 1[32. I, M1137. '15
2. t I title attil N.tlisrkw ki. \at Si il , lI 5, . \i l :t.

3. Results andi Ditnasion 186'2, 1985

Changes of pile-ip height hI and pile-li ptak positioni p 3. T11.I
t
ampate.t.1 I1,I)iPiaeza. adI Il i ta,a..1 fl,,,

with paratmeters of groove depth d and width ,. art shown i cheni.So(.. Vol.33, p.239t, t9t(6
Fig.2.I and 2.2 respectively. here [het-oating matetial is a I I.E.f.StillhIagili, ".(;d.liis,.(ilt;\ l .l,ll..1 1h lt,,,
PfiMA-tspe resist, and the t ating tnditits art as folliows thet.So .. Vol.13t. i 20:10. tIt7
ilJin rotational qpeed I I00tir(resiults il eoating thickness r. .II.\Viutt ari A 'l. l uic. SI. 'LAltolt 10H1 IN%
1 .It'tia), viscosity of resist 22c P, and locittio if groove liiSance T'pI'NATt) NA I., .tit ,I, I )It S

from wafer cetiter to gro.ve) 417 .Sinl h i -t ideii fronl these
figires that as the dhipth d increvis, the, pil,.li highlt h In-
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Mixed Ionic and Electronic Conducting Polymers Although we describe (he conductivity of he polyiodidc

L. I. Lyons. J. S. Tonge, and D. F. Shriver materials as ionic and electronic, this is an operational definition
Chemistry Department and Materials Research Center based on the dc polarization behavior and ohmic response. It is

Northwestern University, Evanston, II 60208 possible that the portion of (he conductivity that we term clecinmic

involves an ion relay between polyiodide chains as has been
In previous work from this laboratory the conductivity suggested for fluid solutions of polybrotnides.5 As observed

and physical properties of PEOxNaln complexes were examined.1  
for the PEOxNaln complexes, resonance Raman spectra of the

In particular, the complex PEO4 Nal 3 is a blue-black crystalline MEEPxNaln (n=3.5,7) have two bands at circa 112 cm- 1 and

compound with an electronic (hole) conductivity of 2 x 10O5 S circa 175 cm"1 indicating the presence of triiodide moieties and
cm I and a band in the resonance Raman spectrum at 171 cm

"1
, higher polyiodide species in these complexes. lThe lihitum

Raman investigations of the other polyiodide PEG complexes complexes have similar spectra.

contained one or two bands. The first at 111 cm- I is characteristic
of 13" while the second occurs at 171 cm"1 and is indicative of IS- Acknowledaemenr: This research was supported by grants n n

and higher polyiodides.
2  the Office of Naval Research and the Northiwcstem Materials

In the present research polyiodide salt complexes of Research Center sponsored by the National Science Foundation.

higher conductivity were sought. Polyiodide complexes of he

totally amorphous polymer poly[bis-
(methoxyethoxyethoxy)phosphazeneI (WEEP) have been References
synthesized and their electronic and physical properties examined.
Theroom temperature conductivity ofthe lithium triflateMEEP 1 Hardy, L. Charles; Shriver, Duward F. J. Am. Chen. Soc
complexes

3 
has been observed to be three times greater than 1986 108 2887.

analogous polyethylene oxide complexes,4 
leading to further

investigations of polyiodide/MEEP salt complexes. 2 Marks, T.i.; Kalina, D.W. "tightly Conductive I lalogenated

MEEPxNaln and MEEPxLiln complexes were prepared Low-Dimensional Mater Ils." In Extended , inear Chtaitt
by the reaction of stoichiometric amounts of 12 vapor and dry, Comusunds Vol. 1; Miller, J.S. Ed.; PiesuRts Press: New
solid MEEP.MI (M=Na, Li). MEEPxNaln complexes were York, 1982, p. 204-217.

prepared with x=2, 4, 8, 16 and n=l, 3, 5, 7. Lithium complexes
of x4 and n=l, 3, 5, 7 were also prepared. 3 Tonge, I.S.; Shriver, D.F.; J. Elerrrochem Sc, 1987 134

AC conductivity measurements on the polyiodide 269.
complexes resulted in complex impedance spectra with two arcs.
Based on dc polarization experiments, the first arc was assigned to 4 Blonsky. P.i.; Shriver, DOF.; Austin, P.E., AIlcock, I I R.; J
the ionic conductivity and the second to a charge transfer process A;n. Chem. Soc. 1984 106 6854. Polyn. Miater Eg, 1985
(an electronic component of the total conductivity) indicating that 53 118.
these complexes are mixed ionic/electronic conductors. The
highest room temperature ionic conductivity (2.4 A 1 . 3 S cm 1. 5 Rubinstein, I.; Bixoii. M.; Gileadi, E.; J. Phys. Chem. 1980

n=5, T=298.15 K) was observed for the series of conplexes 84 715,
MEEP4 Nain with a ratio of sixteen ether oxygens per sodium

cation. Sodium polyiodide/MEEP complexes have higher ionic

conductivities than the analgots lithium polyiodide complexes.
The temperature dependence of the ionic conductivity follows VTF
behavior in both the sodium and lithium series of complexes. In

more highly doped polyiodide samples and at elevated
temperatures only electronic and no ionic conductivity was
observed in the dc polarization experiment. Furthermore, the
current-voltage behavior observed in these complexes was ohmic.
Significantly, both the ionic and electronic conductivities increase

as the amount of the added 12 increases.
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SOLID POLYMER ELECTROLYTES:
Zn(ll) MOBILITY IN POLY(ETHYLENE OXIDE)

H. Yang and G. C. Farrington

Department of Materials Science and Engineering
University of Pennsylvania

3231 Walnut Street
Philadelphia, PA 19104

Introduction

Solid polymer eleclrolytes formed by dissolving ionic
salts in polymeric solvents such as poly(ethylene oxide)
(PEO) are a new type of electrolyte with properties in
betweon those of true liquids and cryst-line solids. Recent
stiies have shown that it is possible to dissolve a wide
range of ionic salts in PEO. Some of the electrolytes
produced are pure anion conductors and others conduct
both anions and cations. PEO solutions of salts of Zn(ll)
ions are particularly interesting, because they may have
significant conductivities for Zn(II) cations.

Poly(ethylene oxide) (PEO) electrolytes,
ZnX2-(PEO)n (X = CI-, Br-, I-, ClO4-and n= 4, 8, 12, 16, 20,
24) have been prepared using a two-solvent solution
casting tw'nnique I[]. Results from Znl2-(PEO)n are
described in this paper.

The thermal stability and hydration reactions of the
samples were studied by thermogravimetry (TGA). The
samples were found to be stable in an inert atmosphere
until about 3501C. Differential scanning calorimeti' (DSC)
combined with examination with a variable temperature
poiarizing microscope (VTPM) revealed that the samples
were multi-phase. Energy-dispersive X-ray analysis (EDAX)
[2] showed that Zn 2 + and I- were uniformly distributed
throughout the electrolyte films.

Conductivity was measured using AC complex
impedance analysis and DC polarization. The conductivity
of the samples was strongly dependent on composition and
the identity of the anion. Typical ronductivity values were
about 10-6 (a-lcm)-I at 701C.

It is well known that many PEO-based polymer
electrolytes conduct both cations and anions. With the
samples investigated in this work, electrochemical cells of
the type, Zn/ZnX2.(PEO)n/Zn, provided virtually no evidence
of Zn2

+ mobility either by AC impedance or DC polarization
measurements. However, direct measurements of Zn

2 +

diffusion using SEM and EDAX [21 have indicated that Zn 2 +
ions are reasonably mobile at 110 °C and above.
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MIXED POLYMER AND CRYSTALLINE IONIC
CONDUCTORS
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Dipartimento di Chimica, University of

Rome, Italy

One critical point in the practical
applications of solid polymer electrolytes,
such as cu-plexes between poly(ethylene
oxide, "EO, and metal salt complexes, is
that an useful electrical conductivity is
reached only at temperatures above the
crystalline to amorphous phase transition
(about 60 *C). In this range of temperature,
the polymer complexes behave like 'soft'
solids(1,2) with poor mechanical properties.
Therefore, polymer-based devices may also
suffer of problems commonly met in conven-
tional liquid electrolyte systems, such as
leakage, loss of electrode to electrolyte
contacts and similar.

Considering the intrinsic interest in
polymer electrolytes, the improvement of
their mechanical properties remains a major
goal in electrochemical technology.

The addition of inert fillers to solid
electrolytes has been widely recognized as
an useful tool to increase mechanical and
electrical properties of these materials.
Such a toughening process has been applied
to a large variety of ceramic solid electro-
lytes, e.g. beta-alumina, zirconia and
so forth.

Recently(3) attempts of inert filling
addition (alfa Al 203 ) to PEO-based polymer
electrolytes have been reported. Following
this direction we have investigated the
characteristics of composites formed by
(PEO) 8NaI ( a sodium ion conducting polymer
electrolyte) with beta"-alumina ( a sodium
ion ceramic electrolyte). The strategy adoptaed
here is to use an ion conducting rather than
an inert filler, in order to avoid deterioration
in overall electrical properties of the
composite.

Indeed, the preliminary results on
(PEO) NaI-AI20 composites reported in this
work indicate that the addition of the
ceramic filler improves consistently the
mechanical properties of the polymer electro-
lyte without significantly depress its total
conductivity.
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Preparation aod Electrochemical Properties It should be noted that when x . 0.33 the
of the SiS2-P2 S5 -Li2 S ratio of silicon L phosphous was one. From the
Glass Coformer System results shown in Fig. 1-3 it appears that there aay

be three important vitreous phases: (A) 0.4
SiS2-0.6 Li 2 S. (B) 0.27 SiS2-0.13 P2SS-0.6 Li 2 S.

John B. Keunedy and Zheugiug Zhang and (C) 0.4 P2S5-0.6 Li2 8. In the region: 0 < x <
0.33 a solid solution or vitreous mixture of (A)
and (B) exists while for 0.33 ( x < I a solid

Department of Chemistry. University of California solution or vitreous mixture of (B) and (C) exists.
Santa Barbara, CA 93106 Whereas (A) and (B) have the same activation energy

for tonduction of 0.36 eV. (C) has the higher
activation energy of 0.50 eV. Threrefore, in the

The recently reported SiS2 -based glasses with region: 0.33 < x < I the conductivity decreased
Li+ conductivities exceeding I mS/cm end prepared rapidly as the activation energy increased. On the
at ambient pressure are potential candidates as other hand, for 0 < x < 0.33 the activation energy
electrolytes for solid state batteries. However, remained nearly constant and the small peak
SiS2-Li2 S-LiI glasses are somewhat unstable in observed in conductivity was apparently uosed by
contact with lithium metal; hene efforts have been an entropy term in the coformar system. One might
made to atabilize them with the addition of a expect this effect to be a maximum when (A) and (B)
coformer (1). It was shown that P2 SS acts as a are in equal concentratio. which would correspond
stabil izer,. and ve nov presen

t 
a more detailed to x = 0.17. An investigation of this system using

study of glasses having the composition: 
2 9
Si and 

31
p MAS-NNR is being conducted at present

0.4 [(I-x)SiS 2 -xP2 SS]-0.6 Li2S. and will he reported separately. It can be
It is well known with oxide glasses that the mentioned, though, that an additional 

31
P peak was

properties can be modified with the addition of a observed when x = 0.4, offering more evidence of
second glass former, and, in general, conductivity specific network arrangements at certain values
is enhanced, at least over part of the composition of x.
range (2). Although many investigations have been
reported with coformers in the oxide glass systems. References
very little has been published concerning sulfide
glass coformer systems. 1. 3.H. Kennedy end Z. Zhang, Solid State lonic%,

in press.
Exnerimental 2. A. Magistris snd G. Chiodelli. Solid State

Starting materials were 99.9% pure SiS2 , P2 S5, Ionics, 9110. 611 (1983).
and Li2S. Synthesis o the $lass where x ( 0.4 was 3. 3.H. Kennedy and Z. Zhang, J. Blectrochem
reported previously, although the heating time was Soc., ju., 859 (1988).
reduced to 30 mn to minimize volailization of 4. A. Pradel and U. Ribes. Solid State Ionics.
P2 S$. With x > 0.4. the vapor pressure of P2 S5 was ULU, 351 (1986).
so high that sealed quartz tubes were used for S. R. Kercier. I.-P. NxIugani, B. Fahys. and 0,
syntbsis. In this technique, the finely ground Robert, Solid State Ionics, j, 663 (1981).
SiS 2 , P2 S5 and Li2 S powder mixture was sealed under
vacuum, heated at 1000

0
C for one hour, and quenched

in ice water. No crystallinity was detected by
powder XRD. DSC was carried out with a du Pont 912 3__
differential scanning calorimeter.

Electrochemical cells with TiS2 electrodes for
conductivity measurements have been reported
previously (3). An ac signal of 100 mV was used
over the frequency range of 1-106 RX for complex
impedance analysis.

Results and Discussion
Glass transition temperatures decreased

monotonically from 131
0
C for the 0.4 I5S2-0.6 Li 2 S o'

system to 208
0
C for the 0.4 P2SS-0.6 Li2S system as

shown in Fig. 1. These ed-values agree well with 250
previous studies of single glass former systems (4.
5). It can be seen from Fig. 1 that T8 decreased
rapidly for 0.3 ( x < 0.4.

Bulk resistant values for the TiS2 /glase/TiS2
cells were obtained by extrapolating the complex
impedance straight line to the real axis. o ---------
Conductivity was then calculated from the cell 5 s. "0
dimensions and was found to obey the Arrhenius Law: YP'LE ". P755
a (O/T) eup (-Ea/hT) over the 25

0
-125

0
C

temperature range. Conductivity as a function of
glass former composition is shown in Fig. 2. Fig. 1. Glass transition temperatures for 0.4
Clearly. SiS2 -rich glasses exhibited higher 1(1 - x) SiS2 - x P2S5] - 0.6 Li2S
conductivities than P2 S5-rich glasses. However, glasses as a function of P2S5 content
the maximum conductivity was found for glass having from DSC scans recorded at lOC/aln.
the composition: 0.32 SiS 2-0.08 P2 85-0.60 Li2 S, but
dropped rapidly for 0,3 < x < 0.5. At the same
time. E. remained nearly constant at 0.36 *V (0.33
eV when plotted as log a) for 0 < x < 0.3 and then
rose almost linearly, reaching 0.50 eV for x - I as
shown in Fig. 3.
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Diffusivity of Lithium Intercalated in Graphite References
from Molten LiC|-CI Eutectic

1. S.D. James, J. Electrochemical Soc., 122, 921, (1975).

Rajeeva R. Agarwal * 2. H. Krohn, Carbon, 23, 449, (1985).

Department of Chemical Engineering 3. A.R. Ubbelohde, in "Intercalated Layered Materials", ed.

Illinois Institute of Technology F. Levy, Reidel, Dordrecht, Holland, p. 1, (1979).

Chicago, Illinois 60616 4. M.S. Whittinghao and L.B. Ebert, in "Intercalated Layered

Materials", Reidel, Dordrecht, Holland, p. 53, (1979).

5. R.R. Agarwal, "Activity and Diffusivity of Lithium Interca-

The diffusion of lithium in psuedo two-dimensional solids lated in Graphite", MS Thesis, Illinois Institute of Technology,

such as graphite is expected to be very rapid 11,2]. Hence, such Chicago, Illinois, (1982).
studies have significance in Iigh-energy secondary battery ap- 6. W. Weppner, I.A. luggins, J.C. Wen, and B.A. Baukamp,

plications, and in sythlfesis of lithimn intercalation compounds J. Electrochemical Soc., 2, 2258, (1979).

[3 4]. In this work 151, tie diffusivity of lithium in graphite was 7. H.S. Carslaw and J.C. Jaeger, "Conduction of Heat in

studied via an electrochemical reaction, in a purified molten Solids", Oxford University Press, London, (1959).

LiCI-KCI eutectic (m.p. = 352 'C) at 400-600 'C under an 8. J.C. Jaeger, Proc. R. Soc., 74, 197, (1944).

argon atmosphere.

The Galvanostatic Intermittent Titration Technique []
was applied to an electroclhenical cell

Ta, LiAl (2 - phase) / LiCl - KCl (Eut.) / C(lx)Li, Ta

where weight fraction, x, was varied coulometrically. Counter
and working electrodes consisted of LiAI (2-phase) and high-
purity (99.9995%) spectroscopic (Ultra F/U-7) graphite rod

(dia.=3 1mm) respectively. Between 120-180 coulometric pulses
were used; each of ten-second and five-minute polarization and

relaxation times respectively. The electrochemical potential

between the LiAI (2-phase) reference and carlon-lithium work-

ing electrodes were recorded on a digital oscilloscope for each
polarization-relaxation period. Experiments were carried out
at fixed temperatures and over a period of 12-I8 hours after
initial potential becaume steady.

Under GITT conditions of small currents (z << iL) and

short polarization time (r < a
2
/)), i.e., under small activa-

tion and concentration overpotentials, the potential and con-
centration changes in single plha.e follow an approximate linear
forn [61. For this unsteady-state cylindrical diffusion nroblem
with prescribed flux [7,81, an approximate solution 18] , for

T < a
2

/b, at the electrode and electrolyte iteface (r=a) was

used to obtain [51

L) 2 ( 2. 1)2-

The above eguation gives an expression inter-relating diffusion

coefficient, D, and the transient, AEr, and steady, AEs, po-

tential changes in CITT for a cylindrical geometry.

Figure 1 shows one potential transient tuat was obtained

at 582
0

C. In these outputs the IR-drop, the transient and
steady potential changes could ihe measured. The diffusivity

values obtained at 582C are shown in Figure 2. As expected

these values are very rapid. These Mtudies show that diffusiv-
ity varies with composition and temperature of stoichionmet-
ric and non-stoichiometric lithiimn intercalation compounds in

gruphite. The activation energy in the higher-stage region is

3.5 kcal/mole. For the lower-stage lithium intercalation corn-
pounds these valtes show fluctuations that were completely
reproducible, Both structural changes and filling in the host

grtaphi nay be important.
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RECOVERY OF OXYGEN FROM CARBON DIOXIDE IN A The oxygen was transported through the solid

GH TEVERATURE ELECOCHEMICARACTOR electrolyte and recovered in a separate

compartment. This approach provided many

Turgut M. Gor, Takashi Nohmi, Henry Wise and advantages first, it minimized, and under

carefully selected conditions totally eliminated,

Robert A. Huggins carbon deposition and reactor clogging; second, it

r)epartment of Materials Science and Engineering allowed recovery of oxygen in pure form in a

separate compartment; third, the reaction gave

Stanford University, Stanford , CA 94305 gaseous products such as methane and other

Carbon dioxide accumulation from exhalation in hydrocarbons that were not only easy to handle in

caroseeniroent,% au tor o elssaaious n a reaction system but are also useful chemicals; and
enclosed environments or vessels is a serious fourth, the catalytic rates achieved by this

problem for obvious reasons. The need to recover electrochemical route were significantly higher that

oxygen to replenish the atmosphere is implicit in

such closed systems. Life support systems utilizing the rates observed under open circuit conditions.

stabilized zirconia solid oxide electrolytes have

been developed in the past for the purpose of

reducing C02 and recovering oxygen. However, &LknoI&l n

simple reduction of carbon dioxide to carbon and

oxygen in such systems deposited carbon, which This work was supported in part by the Office of

eventually clogged up the reactor and caused Naval Research. Support by the Gas Research

system failure. Institute is also gratefully acknowledged.

This study adopted a different approach to the

reduction of carbon dioxide and the simultaneous

recovery of oxygen. The central concept is that the

rates of heterogeneous chemical reactions can be

enhanced by the control of the properties of the [1] TM. Gu and R.A. Huggins, J. Electrochem. Soc.

catalyst surface in situ during the course of the 12. 1067 (1979)

reaction. This can be accomplished by the use of a
solid state electrochemical cell, in which one of the [21 M. Stoukides and C.G. Vayenas, J. Catal. .. 137

components can be added to or deleted from the (1981)

catalyst surface by electrically driven mass [3] T.M. Gir and R.A. Huggins, J. Catal.

transport through an underlying solid electrolyte. 443(1986)

Such solid state electrochemical cells featuring an

oxide ion-conducting solid electrolyte have been [4] C. Saranteas and M. Stoukides, J. Catal 9.., 417

used sucessfully in the past for the decomposition (1985)

of NO [11, expoxidation of ethylene [2],

hydrogenation of CO [3] and the oxidation of

hydrogen [41.

A second important aspect of the present work was

the addition of H2 into the reaction gas stream to

hydrogenate the surface carbon resulting from the

decomposition of CO2 to obtain methane and other
hydrocarbons.

The experimental apparatus built to carry out this

study allowed operation in either flow-through or

recirculation modes. The reactor consisted of a

yttria-stabilized zirconia tube closed at one end and

sealed in a quartz jacket such that the open end of

the tube was exposed to the ambient atmosphere.

Suitable electrodes were deposited on the inside

and outside walls of the tube at its closed end. The

reactor was operated under a total pressure of I

atm and at temperatures up to 850 OC. The

compositions of the reactant and product gases
were analyzed by gas chromotography. The overall
reaction can be expressed as

C02 + 2H2 - CH4 + 02

1le o
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RESISTIVITY MEASUREMENTS OF HIGH- As Fig. 2 shows, the measured values obtained
TEMPERATURE IMMOBILIZED ELECTROLYTES during temperature scanning are within a narrow range

of scatter. Parallel measurements on several
Laszlo Redey and Margaret McParland separator materials have established the precision of

Argonne National Laboratory the resistivity data at ±2.5%. This limit includes
Chemical Technology Division (1) slight density deviations due to the powder-

9700 S. Cass Ave., Argonne, IL 60439 pressing method of specimen preparation, (2)
limitation in precise reproduction of specimen

INTRODUCTION geometry, and (3) the low-level, but detectable
electrical noise. An additional uncertainty is

High-temperature imobilized electrolytes (HTIE) related to the solid-to-liquid phase change between
form a new class of separators that are applicable in the temperatures of specimen preparation and
advanced primary [1 and secondary (2] batteries, as measurement, as well as to the shrinkage of the
well as in fuel cells (3]. HTIE materials consist of specimen at the temperature of the measurement caused
a matrix of a chemically inert insulator, ceramic by the gradual disappearance of gas filled pores.
material and a liquid salt held in place by capillary
forces in the pores. The matrix material is either a Figure 2 shows that the conductivity of the HTIE
(1) felt or fabric or (2) a powder. separator is significantly less than that of the pure

molten salt [4]. This difference is being analyzed by
The usual cell configurations for determining the mathematical models available for the conductiv-

resistivity/conductivity in liquid or solid materials ity of two-phase systems (5], but at this time, an
are not applicable for HTIE materials. These optmum model description has not yet been found.
materials are pastes or thin, pliable layers without
any self-supporting capability in the temperature The activation energy of conduction (Ut)
range of interest. calculated from the log - + (-UI/RT) relationship

is Uc-8.87 kJ/mol at 450
0
C and A-1.40, see Fig. 3; it

EXPERIMENTS AND RESULTS indicates only a slight difference from the value ofthe pure liquid salt (Ut.7.69 ki/mol, A-l.4B).

The different types of the HTIE 
separators

require a firm support at high temperature to The resistivity data of HTIE separators have
maintain a specified geometry. This property of the been are used in performance evaluation [1] and
HTIE separators and the phase change that occurs modeling (6) of Li-alloy/metal sulfide cells.
between the temperatures of specimen preparation and
the measurement require a special cell design. ACKNOWLEDGMENT

An {nterrupted direct-current (DC) technique has This work was supported by the U.S. Department
been chosen for the resistivity measurement. The of Energy, Office of Energy Storage under contract
resistivity cell consists of a separator specimen of No. W-31-109-ENG-38. The author is grateful to
precisely known geometry sandwiched by two high- Dr. P. A. Nelson for his encouragement and support.
density alumina plates in a horizontal orientation;
the cell constant is 0.01-0.05 cm. The lower plate REFERENCES
bears (1) contains two electrodes to introduce
square-shape current pulses of short duration through [1) L. Redey, J. A. Smaga, J. E. Battles, and
the specimen and (2) two potential sensing electrodes R. Guidotti, "Investigation of Primary
to measure the IR voltage drop that develops during Li-Si/FeS2 Cells," ANL-87-6, Argonne National
the current pulses. Schematic representations of the Laboratory, Argonne, IL, 1987.
cell and the measuring circuit, as well as a diagram
that illustrates the measuring principle, are shown (2] G. Barlow, Proc. of Eighth Internat'l. Electric
in Fig. 1. Current pulses of low intensity are Vehicle Symp. Oct. 20-22, 1986, Washington, D.C.
applied alternatively in opposite directions to avoid
polarization of electrodes and concentration changes (3] K. Kinoshita and G. H. Kucera, J. of
in the specimen. The voltage traces measured between Electrochem. Soc., 129, 216 (1982).
the potential sensing electrodes (VS) and across a
precision resistor (PR, VPR) are recorded on a [4) E.R. Van Artsdalen and I. S. Yaffe, J. Phys.
digital storage oscilloscope and are compared to Chem., 59, 118 (1955).
calculate the resistivity of the specimen. Because of
the high hygroacopicity of the electrolyte salts, the [5) R. E. Meredith and C. W. Tobias, in "Adv. in
measurement is carried out in a high-purity He Electrochemistry and Electrochemical
atmosphere glove box. Engineering," Vol. 2, ed., C. W. Tobias,

Interacience Publishers, New York, 1962, p. 15.
A resistivity vs. temperature plot of a

separator (35 wt S MgO in 44.2 wt Z LiCl-55.8 wt % (6] J. Lee, L. Redey, T. D. Kaun, and P. A. Nelson,
KCl eutectic salt) is shown in Fig. 2 to illustrate Ext. Abs. Electrochem. Soc. Meeting, Oct. 18-23,
the capability of the technique. The test specimens 1987, Honolulu, HI, Vol. 87-2, (1987), p. 233.
were cut to precise dimensions from pellets provided
by the Sandia National Laboratories (Ref. R.
Guidotti).

DISCUSSION

The DC technique has been chosen because of (1)
the greater flexibility in cell design, (2) absence
of leakage currents, which frequently cause problems
in AC circuits, (3) fewer problems with electrical
noise, and (4) faster measurements, since there is no
need for repetitive measurements at several
frequencies.
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Mixed-Conducting Membranes for Hydrogen. Acknowledoement
Transporting S/L/S "Solid
Electrolyte" Configurations Partial financial support of work in this area at Stanford by the US

Department of Energy under Subcontract LBL - 4536310 and
M. Schreiber, J. Wolfenstine and R. A. Huggins Contract BNL 274318-S is gratefully acknowledged.

Dept. of Materials Science & Engineering
Stanford University .r, e

Stanford, CA 94305
t. G. Deublein, B. Y Liaw, and R. A. Huggins, Presented at the

A novel S/LS configuration that can be used as a solid electrolyte 6th International Conference on Solid State Ionics, Garmisch-
for hydrogen at elevated temperatures was recently described (1,2). Partenkirchen, Sept. 1987. To be published in Solid State Ionics.
It consists of two solid, but hydrogen - transparent, metallic 2. R. A. Huggins, Presented at the 6th International Conference on
membranes that act as mixed - conducting electrodes. Between these Sl Sa A ois, rmtch-atenr en ob
membranes is a molten salt containing hydride ions. One example is Solid State Ionics, Garmisch-Partenkirchen, Sept. 1987. To be

a solution of LiCI, KCI, and LiH. Such salts are stable at published in Solid State Ionics.
temperatures appreciably higher than proton - containing salts. By
placing a potential difference between the two mixed conductors, 3. G. Deublein and R. A. Huggins, Presented at the
hydrogen is caused to move across the electrolyte. If the chemical Electrochemisny Society Meeting in San Diego, Oct. 1986. To be
diffusion of hydrogen is sufficiently fast within the membrane published in the Journal of the Electrochemical Society.
electrodes, the difference in hydrogen activity imposed by the
potential difference will appear on their outer surfaces.

Alternatively, rapid chemical diffusion of hydrogen through such
membranes means that the imposition of a chemical potential
difference at their outer surfaces is translated into a difference in
chemical potential between their inner surfaces, and thus across the
electrolyte, producing a difference in the electrochemical potential of
electrons, and thus a measurable voltage.

Thus such a configuration can be used in either pump or a sensor
modes, operating in a manner directly analagous to a solid
electrolyte with porous three - phase - contact electrodes in contact
with gases.

Key elements in this concept are the two hydrogen - transporting
mixed - conducting membranes. In order to provide rapid kinetics
in either the pump or sensor modes, they must have high chemical
diffusion coefficients for hydrogen. In addition, these materials
must also meet several thermodynamic requirements. In order to be
compatible with the external environment, such a membrane must be
stable in the face of the chemical potentials imposed upon it by
adjacent phases. In addition, it must be thermodynamically stable in
contact with the encapsulated liquid electrolyte.

These requirements will be discussed in some detail for several areas
of potential application, such as the intermediate temperature
electrolysis of water to extract hydrogen, the separation of hydrogen
from flowing gas streams, hydrogen sensors, and hydrogen -
combusting fuel cells.

Several metallic phases with body - centered cubic crystal structures
are worthy of consideration for such purposes. The properties of
several materials in this category will be reviewed.

Especially important is the requirement that the oxygen and water
vapor activities be maintained at very low values in order to prevent
the formation of hydrogen - blocking films upon the membrane
surfaces. Several approaches to the solution of this problem in
molten salts have been discussed previously (3).
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SOLID STATE ELECTROHRONIC WINDOWS-AN OVERVIEW charge capacity (thickness). The total transmission
of a window comprised of W03 in %eries with either

R. David Rauh counter electrode is given by the product of the
transmittances of the individual electrodes at equal

EIC Laboratories, Inc. charge czc--ities 17). It is seen that polyaniline is

Norwood, Massachusetts 02062 compromised somewhat compared to IrO2 by its lower
bleached (reduced) state transmittance. Conductive
polymers are sensitive to irreversible anodic decompo-

The last several years has seen a resurgence in inter- sition reactions occurring at potentials only slightly

est in electrochromism, not for displays, but for var- positive of the electrochromic transition. Such

iable transmittance windows Ill. Electrochromic decomposition can be difficult to avoid in two-

"smart" windows hold the prospect for adjustable light electrode window structures.

transmittance induced by a low voltage dc electrical

current. As shown in Figure 1, the basic structure is Recently, lithium-based window structures are being

that of a thin film secondary battery with a visible demonstrated, to avoid the possibility of irreversible

state of charge. As such, the window is comprised of H20 electrolysis at the thin film interfaces, and also

three types of thin film materials: 1) transparent to achieve a truly "dry" system. We have shown that

electrical conductors, which act as current collec- some inexpensive oxides like V205 can he used as the

tors; 2) mixed conductors, which form the electro- counter electrode with Li, providing .- jely oxidative

active, color changing elements; and 3) ion conduc- coloration, as with IrO2 171. The electrolyte remains

tors, which form the electrolyte while being electron- the major area of improvement for Li-based windows.

ically insulating. Interestingly, numerous electro- We have demonstrated windows that work well at room

chromic light modulators in the literature are lacking temperature with polyphosphazine electrolytes 1I1.

one or more of these fundamental components, resulting All thin film structures with LiNb03 as the electro-

in either poor long term reversibility and disruption lyte and In203 or V205 electrodes have been reported

of electrode components, shor. open circuit memory by Goldner et al. (9].

arising from chemical or electronic self-discharge, or

both. ACKNOWLEDGMENTS

Currently, there are two basic approaches to window This work was sponsored by the U.S. Department of

construction. One is to deposit the electrical con- Energy and by NASA. The support, encouragement and

ductor and electrochromic electrodes separately on two contributions of the following people are grate' lly

pieces of glass, then to laminatc them together with a acknowledged: Mr. David M. Pellish of DOE; Dr. :arl

semisolid or polymeric electrolyte. The second is to M. Lampert of Lawrenc Berkeley Laboratory; Professors

produce a multilayer thin film stack by sequential Ronald Goldner and Terry Haas and their research

sputtering of -he layers. The principle difference groups at Tufts University; and Dr. Stuart F. Cogan

between the two approaches lies in the electrolyte, and his research group at EIC Laborator es.

Materials development for electrochromic windows has

been concerned mostly with the electrochromic and REFERENCES

electrolyte layers. The primary electrochromic mate-

rial being considered is still W03, since it combines i. C.M Lampert, Solar Energy Materials 11, 1

robustness with long-term cyclability, as demonstrated (1984).

repeatedly in the display literature 121. Variants of

W03 , particularly crystallized thin films 131 and 2. W.C. Oautremont-Smith, Displays 3, 3 (1982).

hexatungstates 14,51, have substantial reflectance

components to the ir electrochromic response. The var- 3. R.B. Goldner et al.. Appi. Phys. Letters 43, 1093

iable reflectance has been shown to give a favorable (1983).
optical response for windows, permitting selective

attenuation of the near infrared solar spectrim at low 4. S.F. Cogan, T.P. Plante, R.S. McFadden and R.D.

state of charge while deeper coloration leads to Rauh, Solar Energy Materials 16, 371 (1987).

decreases in visible light transmission.
5. S. Joo, I.D. Raistrick and R.A. Huggins, Mat.

Considerable work has been carried out in this labora- Res. Bull. 20, 987 (1985).

tory on developing a reversible complement to W03 for

use as the counter electrode in electrochromic win- 6. Toyoda Gosei Co., German Offen. 3,614,547.

dows. lhe best characterized material is IrO1, pre-

pared by rf magnetron sputtering. This oxide becomes 7. R 0. Rauh and S.F. Cogan, Solid State Tonics,

colorless on reduction (the oppos te of W03 ). These in press.

two oxides have been used to fabricate electrochromic

windows with proton conducting electrolytes (e.g., B. S.c. Cogan and M. Aianmgir, unpublished re-jlts.

polyAMPS) that switch between 75% and 25% integrated

visible solar transmittance, and have exceeded 105 9. R.B. Goldner, It.E. Haas, G. Seward, K.A. Wong, P.

cycles in accelerated tests 141. Each electrode has Norton, G. Foley, G. Berera, G. Wei. S. Schultz

excellent oxidation/reduction reversibility, resulting and R. Chapman, Solid State lonics, in press.

in the transmission of the window being a predictable

function both the voltage applied across the two elec-

trodes and the charge passed. This kind of reproduc;-
tility will be necessary for control in actual build-
ing environments.

Electronically conducting polymers form another class
of counter electrode which develop color oxidatively.

A prime example is polyanuline, which is yellow when

reduced and blue when oxvdized 161. Figure 2 shows

the visible solar attenuation of W03 , and both lrO2
and polyaniline counter electrodes as a function of

I0(111
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Fig. 1. Cross section of an electrochromic window.
I P' - transparent substrates ; 2 - transparent elec-
tri cal contacts, e .g., ITO; 3 - cathodically coloring
layer (e.g., W03); 4 - ion conductor; 5 - anodically
coloring layer. Layer 1 would be absent in an all-
thin film structure.
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Fig. 2. Maxinmum and minimum integrated visible solar
transmittance (400-700 onm) of candidate electrochromic
thin films as a fu~nction of charge capacity.
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EFFECT OF IONIC MOBILITY ON THE OPTICAL it becomes more likely that the isolated Cu*
PROPERTIES OF Cu

+ 
DOPED Na+-9"-ALUMINA ions will be able to form these pairs via

diffusion mechanisms. This would result in a

J.D. Barrie*, B. Dun, O.M. Stafsdd
+
, reduction of the blue intensity by elimina-

G. Hollingsworth and J.I. Zink
8  

tion of the blue emitting species. However,
one other effect must be considered. The per-

*Department of Materials Science turbing influence of ionic mobility may be

and Engineering sufficient to produce non-radiative quenching
+Electrical Engineering Department effects upon the Cu+ excited state, resulting

#Department of Chemistry and Biochemistry in a reduction of both intensity and lifetime
University of California, Los Angeles of the emission. Such effects are not well

known in traditional close packed optical
hosts, as ionic mobility in these materials

Single crystals of Na+-P"-alumina which is usually negligible. This raises the possi-
have been doped with Cu

+ 
show a bright green bility that there may be an equilibrium dis-

luminescence centered at 535nm when excited tribution of both isolated ions and dimers
with a variety of ultraviolet wavelengths at (2C

u + 
= Cu2

2
+) in the Cu

+ 
doped Na+-

'
'-

room temperature. At low temperatures, the alumina crystals at all temperatures, and
presence of several distinct emissions in that the absence of the blue emission bands

both the blue and green regions of the spec- at room temperature is due to the non-
trum indicate a more complex interaction of radiative deactivation of the isolated ions
copper ions with each other and with the host caused by ionic mobility. The end result is
lattice. Two emissions (at 410 and 440nn) that only the green emission from the Cu+-Cu+
can be attributed to single ion emission from dimers is observed at room temperature. The
two distinct sites within the lattice, while presence of the dimer emission at room tem-
two emissions at 525nm and 545nm are attriD- perature and above suggests that these
uted to two Cu+-Cu

+ 
dimer species forming species are relatively immobile at these tem-

within the conduction planes. peratures.
The low temperature emission spectrum has REFERENCES

been found to change with time when the crys-
tal is irradiated at 351nm. Over a period of 1. Mehrotra, Prem K., and Roald Hoffmann,
seconds, blue emission decreases in inten- Inorganic Chemistry 127, (1978) 2187.
sity, while the green emission intensity sig-
nificantly increased. These changes occur 2. Dedieu, A., and R. Hoffmann, J. Am. Chem.
only in the part of the sample exposed to the Soc. 100 (1978) 2074.
irradiation, while the rest of the sample is
unaffected. The mechanism of this change is 3. Payne, Stephen A. and L.L. Chase, and
a photoinduced aggregation of the Cu iso- L.A. Boatner, Journal of Luminescence 35,
lated ions in the conduction plane to form (1986) 171.
Cu+-Cu+ pairs.

The bonding between d
I0 

valence shells
(such as Cu+) has been discussed by Hoffmann
and coworkers [1-2). In these studies the
authors showed how repulsion between two
closed shells could be converted to an
attraction by inclusion of unfilled orbitals
of the proper symmetry. This attractive
energy provides a driving force for the
observed photoaggregation. The energy intro-
duced into the Cu

+ 
ions by the ultraviolet

excitation provides the activation energy
required for the ionic mobility. The rate of
increase of the green emission peak can be
shown to follow simple diffusion laws.

The dynamic interaction of Cu
+  

ions to
form dimers in the conduction plane of
Na+-3"-Llumina is similar to that reported in
SrCI2 crystals, although the effects observed
in f"-alumina can occur at much lower temper-
atures than were reported by Payne (3]. This
is a result of the high mobility of Cu

+  
ions

in the 0"-alumina conduction plane, which
translates into an ionic hopping rate of
about 109 per second at room temperature.
Therefre, even in crystals with dilute Cu

+

concentrations where random ion-ion separa-
tions would be expected to be at least 50A,
the possibility of Cu+-Cu

+ 
encounters is very

high.
The reduction of the intensity of the

blue emission as the temperature of the
sample is raised suggests that the Cu

+

monomer emission is incompatible with the
high ionic conductivity in Na+-0"-alumina.
Either of two effects may lead to this reduc-
tion in blue luminescence. The dominance of
the green emission attributed to the Cu+-Cu

+

dimer at room temperature suggests that the
formation of these dimers is indeed energeti-
cally favorable. Thus when the ionic conduc-
tivity of the crystals becomes appreciable,
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structure coexisted with the ordered
Effect of Thermal History upon the structure. Kinetic limitations

apparently prevent the formation of a

Lanthanide 3-Aluminas completely ordered sample.
Our spectroscopic measurements

R. B. Queenan and P. K. Davies showed that relative intensities of

electronic transitions are highly

Department of Materials Science and sensitive to both composition, as

Engineering reported by Dunn (4), and to cooling

University of Pennsylvania rate. These studies revealed changes in

Philadelphia, PA 19104 the relative intensities of the
absorptions as a result of different

TntrodctionL Following from the thermal treatments. It seems likely

reports of the 'high4 conductivities of that these changes in intensity may

trivalent lanthanide ions in the reflect changes in site occupancies of

"-aluminas (10-
5 

tohm-cm)
-I
) (1), many the Nd ions in the conduction planes

studies have been carried out on these resulting from thermal treatment.

interesting materials. In particular, These factors may be important in the

the optical properties of the Nd application of these materials in

0"-aluminas have been well researched optical devices.

due to their potential applications in
opto-electronic devices. (2,3,4)

However, there have been very few

structural studies on these 1. B. Dunn and G.C. Farrington, Solid

systems.(5,6) A single crystal x-ray State Ionics, 9&10 (1983) 223-226,

study on a thermally uncharacterized Gd 2. M. Jansen, A. Alfrey, O.M. Stafsudd,

"-alumina sample reported predominant B. Dunn, D.L. Yang and G. C.

occupation of the mO site within the Farrington, Optics Letters, 9 (1984)

conduction planes.(5) A TEM study by 119.

Davies, f.al. (6) found evidence for a

long-range ordered structure in the 3. A.J. Alfrey, O.M. Stafsudd, B. Dunn

100% Nd material, intergrown with a and D.L. Yang, J. Chem. Phys. 88

disordered structure. The cooling rate (1988) 707.

of these samples was not controlled.
In this work we have investigated 4. B. Dunn, D.L. Yang and D. Vivien, J.

the effect of thermal treatments on the Solid State Chem., March 1988, in

structural and optical properties of press.

the Nd and Gd 5" aluminas utilizing 5. W. C JO. Thomas and

single crystal x-ray diffraction . . arrinon, So. tas n

techniques, electron diffraction and G. C. Farrington, Solid State onics,

high resolution TEM, and optical 9&10 (1983) 301.

absorption spectroscopy. 6. P.K. Davies, A. Petford, M. O'Keeffe,

Single crystals of Solid State Ionics, 18&19 (1986) 625.

Na 5 /3 -M,/ 3Mg.67Al 0.33 (1/2 
x 5 5/3;

M3+=Nd
3
+,Gd

3
+) were prepared by Acknowledgements: This work was supported

ion-exchange techniques aiid were by NSF (Ceramics) DMR 8316999.

subjected to various thermal

treatments. The samples were either

quenched. from high temperatures

(600-700 C) or were annealed at low

temperatures (300-400*C). The

treatments were carried out in sealed

quartz tubes to avoid the possibility

of hydration that may occur under

ambient conditions.
ResuIts: Long-range ordered

structurer were observed across the

binary Na-M
3 + 

system down to a sample

with onl 30% of the Na replaced by Nd.

In all cases the ordering occurs both

within the conduction planes as well as

along the c axis as was first seen by

Davies (6) in the completely exchanged

Nd mateial.
Samples which were slow-cooled or

annealed at low temperatures showed an

increase in the intensity of

superlattice reflections, and a

corresponding increase in the ordered

structure as evidenced by TEM images.

Quenched samples showed significant

decrease in the amount of ordering. In

all samples studied, no matter how slow

the cooling rate, some disordered

1057
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SYNTHESIS AND PROPERTIES OF MIXED SODIUM-CERIUM (111) the nature of its structural environment ESR spectra for Ce
3

ALUMINOGALLATE COMPOSITIONS in the mixed phase materials are identical to that of Ce
3* 

in themagnetoplumbite, Lat.yCeyMgA 1 19 (3) Thus, the Na
+ 

are

J.Thery, G. Aka. D. Vivian, C.T. Chu
+ 

and B. Dunn
+  

found to have no influence on the local crystal field experienced

by the Ce
3 +.

ELabraoire de Chimie Appliqud e 5 e , Etat Solide The conductivity for several SCAG compositions has been
'eprtmet oatria S c ad FN En r measured by a four-probe complex impedance technique using
+Department of Materials Science and Engineering evaporated gold contacts. Conductivity was measured from 25 toUCLA, Los Angeles, CA 90024 USA 300 ' C and found to obey an Arrhenius relation. The

conductivity at 300 °C was in the range of 2 x 10
3 
(Qcrn)

-1 
and

represents a combination of crystal and grain boundary
The structure and properties of the sodium-lanthnide contributions. The activation energy for conduction was = 0.3 eV.

aluminate family of compositions (SLnA with Ln. LaNd, Ce) have These transport properties were found to be relatively
been previously reported. (1,2) The structure is interesting in insensitive to sodium content (Nat 35 to Nat 8s) and Ga
that it consists of alternating stacking of half B alumina unit cells
and half magnetoplumbite (MP) unit cells. The initial substitution (Gao 34 to Ga0 44). These results demonstrate that
conductivity reported for the SLnA composition suggested that the SCAG compositions possess a reasonable level of ionic
material had good ionic conductivity, conductivity and are consistent with the proposed stiuctural

The present investigation involves the synthesis and model of having the Na
+ 

located in conduction planes similar to
properties of sodium-cerium aluminogallates (SCAG) where a those of I alumina.
substantial fraction of Ga has been substituted for AL. The
composifions have the ideal formula:

Na1 +yCe(AI1 .xGax)22.66
0

36+y;2 REFERENCES

with 0.3 y 5 1 and 0<x s0.5 1. A. Rafaoui. A. Kahn, J. Thory and D. Vivian, Solid State Ionics

9110, 331 (1983).
Several methods have been used to synthesize these

compositions: (1) solid state reactions using component oxides 2. A. Kahn and J. Th~ry, J. Solid State Chem. 64,102 (1986).
with NaF and (2) co-precipitation of a nitrate mixture. In both
cases temperatures above 1550 'C were necessary to produce the 3, B. Viana et. al. J. Appl. Phys., In Press.
proper phase and the trivalent Ce. Sintered compacts were
prepared from the powders. In these samples Ga replaced - 35 to
45% of the Al (i.e., x 0.35 to 0.45) which facilitated
sintering. Densities of = 90% of theoretical were obtained by
heating to 1570 'C. Single crystals of SCAG were prepared by the
skull melting technique and subsequently used in the X-ray
otraction study. Magnetic susceptibility and luminescence
studies confirmed that trivalent Ce was obtained. The measured
Curie constant (C=0.59) is identical to that found for the Ce(lll)
hexa aluminate, CeMgAIj 019. (3) The characteristic
violet-blue emission of Ce

3+ 
was observed when irradiated at

254 nm. Both of these measurements give clear evidence that the
high temperature synthesis leads to reduction of Ce

4+ 
to Ce

3
'.

X-ray diffraction of both powder and single crystals
confirms that SCAG compositions possess structures similar to
that of SLnA. There is an alternate stacking of I alumina and MP
half-unit cells along the c-axis with the Na

+ 
and Ce

3+ 
localized

in different mirror planes. The Na
+ 

possess an environment
similar to that of Na in B alumina while Ce

3
, is situated in sites

representative of the MP structure. In the ciase of Ce
3

',
spectroscopy studies have been used to independently determine

1(58
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COMPARISON OF CONDUCTIVITY MEASUREMENTS The two-probe measurements were made
ON BETA" ALUMINA ISOMORPHS BY TWO- AND at a constant frequency of 1000 Hz during

FOUR-PROBE TECHNIQUES an approximately linear increase of temper-
ature with time and during the subsequent

M.W.Breiter, H.Durakpasa, G.Allitsch decrease. The phase angle was also recorded.
and P.Linhardt The conductivity was computed from those

data where the phase angle was smaller
Institut for Technische Elektrochemie, than 200 (cosine remains close to 1).This
TU Wien, 9 Getreidemarkt, 1060 Wien, procedure gave temperature ranges of

Austria 50 to 5000C for the first mater i (10%
exchange of sodium) and 250 to 50 0uC for

A large difference exists between the second material (70% exchange). The
the conductivities values reported at temperature dependence of the conductivity
the same temperature for the following was of the Arrhenius type.
polycrystalline isomorphs of beta" alumi-
na: Pb (1-3), Ca (4-6) and Cd (5,7). This The impedance measurements were carried
difference results from a combination out at frequencies between 0.01 and 100000
of factors: Hz at constant temperatures ( at intervals

of 500C). Sometimes the impedance meter
a) Different manufacturing techniques, restricted the upper frequency to 10000

especially the difference between Hz. The data were only available in a
ion exchange and conventional forming Bode plot. They had to be transferred
and sintering. to another PC to obtain the complex impe-

dance plane plots.
b) Different starting materials for the

ion exchange. The data for the material with 10%
exchange did not allow a simple extrapol-

c) Different degrees of porosity and ation procedur, for the determination
the possiblity that residues of salt of the resistance of the solid electrolyte
are left in the porous structure (sum of bulk ond grain boundary contribut-
after ion exchange and cleaning of ions). Neither could one of the two comp-
the sample. onents be determined separately. The meas-

urements represent an example that the
61) Unreliable extent of exchange when conductivity of the solid electrolyte

determined by the weight chinge cannot be determined in a simple fashion
(possibility of residual Na ). from the impedance measurements. Further

work is required to test if such a deter-
e) Use of two- or four-probe techniques mination is feasible on the basis of

in the measurement of the conductiv- analog circuits considering bulk and inter-
ity as a function of temperature. facial effects.

The purpose of this paper is to eval- The data for the material with 70%
uate the influence of factor e). To do exchange display the existence of a de-
so, a system has to be chosen for which pressed semicircle at higher frequencies
the influence of the other factors is and a constant phase element at lower
small. Among the isomorphs, produced by ones between 300 and 500

0
C. The extrapolat-

us so far, Sr beta" alumina is the only ion of the right end of the semicircle
polycrystalline isomorph which does not to the abscissa yields resistances which
suffer from extensive corrosive attack are equal to the solid electrolyte resist-
ouring ion exchange (5), Therefore two ance within the error limits of the comp-
mixed (Na,Sr) beta" alumina with differ- arison of results from two different tech-
ent composition were chosen. The mater- niques. The error limit is relatively
ials were produced by ion exchange of large ( estimate of a factor 2 to 3).
Na beta" alumina ( betalyte from Ceram-
atec Inc.) in suitable melts of NaNO 3  Acknowledgement.
Sr(NO )2 and SrCl The extent of ex-

chang was determined by chemical The investigations were made with
anilysis. It was "e-ified by ErA+X that partial support of the Office of Naval
the distribution o N. and Sr' ions Research.
was uniform across the sample.

References.
The four-probe measurements were

carried out as described previously (3). 1. E.E.fiellstrhm and R.Benner, Solid State
The two-probe measurements were made by lonics 11,125 (1983)
an automated impedance meter (IM 5 of 2. E.E lIellstr6m, ibid. 15,139 (1935)
Zahner-elektrik, West Germany). The same 3. M.Maly-Schreiber, P.Linhardt and M.W.
samples were employed as in the four-probe Breiter, Electrochim.Acta 32,1371 (1987)
measurements after sanding off the contacts 4. A.F.Sammels and B.Schuhmacher, J.Electrc-
for the four-probe measurements. The samp- chemSoc. 133,235 (1986)
les had the shape of a bar with thicknes- 5. M.W.Hreiter, M.Maly-Schreib(-r, G.Alits n
ses between 0.1 and 0.2 cm. Platinum and P.Linhardt, Proc.Symp. EetcIro-
films were sputtered onto the two large Ceramics and Solid State lon!cs, Electrc-
surfaces as electr des for the impedance chem. Soc. in print
meisurements. Cont-7t between the Pt 6, Y.Hong, D.P'ong, Y.P. ng, L.LI nd S.W,u.
film and the leads to the meter was Solid Stat,! lonic 25,301 (19881
accomplished by silver paint. 7. G.Staiknv, V.Nikolov and 1.D.Yanqu'v,

ibid. i,, print
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Enzyme Embodied Electrode Device as a High Performence step of the electrode reaction would be the mass transport within the poresDetector for Flow Injection Analysis of the platinum black.

S. Yam Y. lkariyama*, M. Yaoita, In order to see the long term stability of the EEE device for use in flow
T. Yukiashi-, and H. Ushioda" injection analysis, one hundred glucose samples were injected every three

days to a transducer cel with a micro-enzyme electrode of 100 pM diameter.

Research Institute of National Rehabilitation Center for the Disabled, The cell was kept in a refrigerator (4 C) when the electrode was not in use.
Namiki 4-1, Tokorozawa, Saitana 359, Japan It has been confirmed that the peak current kept constant and the

Department of Bioengineering, Tokyo Institute of Technology, coefficient of variation was still about t% even after one month.
Ookayama, Tokyo 152, Japan

Central Research Laboratory, Sumitomo Cement Co., Ltd. Toyotomi
5-8-5, Funabbash Chiba 274, Japan

I mins

We have already reported a newly developed Enzyme Embodied Electrode .. . .....
(EEE) having unique characteristics such as a fast response of less than 3 sec
and long stability of more than 4 weeksl-3]. EEE is easily fabricated by - - - -

incorporating enzyme molecules on platinized platinum surface. EEB has
another advantage that it is easily minituarized to a diameter of 10 pm In .. - "
this paper we would like to demonstrate that EEE can be adopted also to a
high performance electrochemical detector for flow injection analysis. -- - -I--- - -

EXPERIMENTAL
A micro-platinum electrode, of which diameter is from 10 to 500 pa, in an
acrylic block was platinized by an electrolytic reduction of --
hexachloroplatinate. Then the platinized electrode was thoroaghly rinsed in
0.1 M phosphate buffer (pH 6.8). Glucose oxidase molecules were
incorporated in the platinized platinum electrode by immersing in an enzyme
solution for 10 min. The electrode was then kept in a bovine serum albumin

for 10 min and then treated with a 2 % glutaraldehyde solution buffered
with 0.1 M phosphate for 10 min, following which thorough washing of the
electrode was performed overnight. The EFF fabricated above was
assembled to a thin layer transducer cel) wmath ta auxiliary electrode of L
stainless steel block. The ref-rence electrode of Ag/AgCI was positioned Time
downstream from the cell. The flow rate of the peristatic pump was
controlled at 0.8 mLJmin. The electrode potential of micro-enzyme Figure 1. Typical Responses of Flow Injection Anlysis with FEE.
electrode was kept at 0.6 V against a Ag/AgCI reference electrode. All the
experiments were carried out at room temperatures (23 "C).

RESULTS
A glucose sample (10 mM, 5 gL) was repeatedly injected to the transducer 10 3

cell. Figure 1 shows a typical response of the detector system. Every
response reached a peak within 2 or 3 sec and decayed to the baseline within

a few seconds. Each peak is highly reproducible, and was about 200 nA to
10 mM glucose sample. The micro-enzyme electrode having a diameter of /
100 pzm gave no responses to either blank, fructose, or galactose samples in 10

2

0.1 M Iosphate buffer of pH 6.8, when the anodic polarization was given to
the platinized platiman surface before incorporation of enzyme.

A series of glucose samples of 200 AM to 20 mM were injected to the t a
transducer cell having a 100 pm micro-enzyme electrode. Figure 2 shows a 10'
linear relationship between the glucose concentration and the peak height in - /
the range from 50 p.M to 20 mlM. As was already reported [1-31, the
micro-enzyme electrode showed a high sensitivity (least detection limit: 0.5
pM, and wide dynamic range (0.5 pM -

2
0 mM) in a batch system 10

0  
*/

measurement. However, in this flow type measurement the detection limit
was in the 50 pM range because of the poor signal to noise ratio due to a . -

peristaltic wave caused by the double plunger pump. 10- 10- 10
-  

10
-
,

In a series of experiments six hundred samples of 10 mM glucose solutions Glucose concentration (M)
were injected to the flow cell, having an EEE of IO0 pm diameter at a room
temperature, and the coefficient of variation of 1.9% was observed. The Figure 2. Dependence of Peak Current on the Glucose Concentration.
average peak current was 252 nA at a flow rate of 0.8 mLmin. As this
experiments were carried out at a room temperature of 23t2 IC without
tempearture control, subtle change of the room temperature in one hour References
seemed to have affected the output. We are convinced that strict thermostat 11j Y. Ikariyma, S. Yamauchi, T. Yukiashi and H. Ushioda, Anal. Lett.,
of the equipment will much improve the reproducibility of the peak current, 20, 1409 (1987).

[21 Y. tkariyama, S. Yamauchi, T. Yukiashi and H. Ushioda, Anal. Lett..

It has been observed that the peak current decreases with an increase in the 20,1791 (1987).
flow rate of the pump. If the electrochemical process is controlled by a mass [31 Y. lkariyma, S. Yamauchi, T. Yukiashi and H. Ushiod, J.
transport in the diffusion layer, enhanced peak current is expected at a Electrochem. Soc. (submitted for publication).
higher flow rate [4,51. Both the enzyme reaction of glucose oxidase and the 141 S. G. Weber, J. Electroana. Chem., 148.1 (1983).
electrochemical oxidation of the produced hydrogen peroxide seem to be i5] 1. A. Polta and D. C. Johnson, 1. Liq. Chromatogr., 6, 1727 (1983).
high enough to generate sensor output, since apparent Km value (ca. 50 mM)
for the enzyme electrode Ls much greater than the analyte concentration (10
mM), and the applied potential (0.6 V) is much higher than the oxidation
potential (ca. 0.45 V) of hydrogen peroxide. Therefore, the rate determining
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A chemically Sensitive Bipolar Junction transistor. The adsorbed chemical species
Transistor at the emitter surface may be removed by

providing sufficient energy to break the
Christopher K. Y. Chun bonds. One method of providing such energy
James W. Holm-Kennedy is to illuminate the emitter surface.

Sensor Research and Development Center Photons may transfer their energy to the
Physical Electronics Laboratory adsorbed species to free them from the
University of Hawaii at Manoa surface. Figure 3 shows the effects of

Honolulu, Hawaii 96822 illuminating a hydrogen exposed device with
UV light. The increase in gain after UV
light exposure indicates a decrease in

Extended Abstract hydrogen induced enitter surface
While bipolar transistors used in recombination. The device has thus been

integrated circuit applications tend to be reset.
fabricated without surface influence to The bond strengths of different
achieve high gain and good electrical chemicals with silicon may be used to
features, it is possible to fabricate BJT's discriminate between chemical species
where emitter surface effects play an adsorbed at the emitter surface.
important role in the device performance. Illumination of the surface by light with a
In this case, the surface is chemically wavelength corresponding to the bond
active and if the chemical reactions alter strength may release the chemical from the
the recombination properties of the surface. The removal of the adsorbed
surface, the bipolar device can be used as chemical species should affect the gain of
a chemical sensor. Such a sensor is the transistor. A range of wavelengths may
described below. be used to detect the presence of more than

The chemically sensitive BJT uses one chemical species and to discriminate
chemical alteration of the emitter surface between the species. Thus the device
recombination as a means of detecting the behaves as a chemical spectrometer.
presence of the chemical species. The The chemically sensitive BJT benefits
emitter surface is fabricated to have a from its small size and its simple design.
thin, tunnelling-thickness oxide. If G-R It is compatible with integrated circuit
centers are chemically active to specific technology and may be easily integrated
chemical species and the ensuing chemical with appropriate circuitry. The
reaction activates or neutralizes G-R sensitivity of the device is controlled
centers, the rate of surface recombination through transistor desigii.
is altered. If the device performance
depends on surface G-R effects, then the Acknowledgments
chemical species is detected. The authors wish to thank the students

The details of the device operation in the Sensor Research and Development
are easily understood. For an NPN bipolar Center (SRDC) and the Physical Electronics
junction transistor, the base current is Laboratory (PEL) at the University of
injected into the emitter. This injected Hawaii at Manoa for their support and for
current biases the emitter-base junction maintaining the facilities. The authors
potential. This bias allows current to also wish to thank the Pacific
flow between the collector and emitter. If International Center for High Technology
the base current is kept constant while the Research (PICHTR) for their partial
emitter surface recombination is allowed to financial support of the project and
increase, the emitter-base junction bias Professor Douglas P. Root for sponsoring
will decrease. This decrease in junction this paper.
bias results in a decrease in the emitter
to base current injection. The decrease in References
current injection means the collector [1) Zheng Youdou, We Fengmei, Jiang
current likewise decreases. The decrease Roulian, and Zhou Guangneng,
in the collector current while a constant "Electrical Behaviour of Hydrogen Ions
base current is applied translates to a in SiO 2 Films on Silicon," Insulating
reduction in the dc gain of the transistor. Films on Semiconductors, Springer-
Observing the change in the dc gain of the Verlag, Berlin, 1981.
chemically sensitive BJT is a mode of (2) B. Keramati and J.N. Zemel,
detection of the chemical species. "Confirmation of Hydrogen Surface

It is well known that hydrogen affects States at the Si-SiO 2 Interface," The
surface G-R center density at the Si-SiO 2  Physics of SiO 2 and its Interfaces,
interface [1,2,3,4]. For this reason Pergamon, Hew YO~k, 1918.
hydrogen was selected to illustrate the [3] James W. Corbett, D. Peak, S.J.
device behavior. The concept was to Pearton, and A.G. Sganga, "Hydrogen on
introduce hydrogen and look for a change in Semiconductor Surfaces," Hydrogen in
the device gain. Disordered and Amorphous Solids, Plenum

Changes in the BJT gain were observed Press, New York, 1986.
after exposure to a hydrogen ambient. [4] A.G. Revesz, "Hydrogen in SiO 2 Films on
Figure 2 shows typical test results for the Silicon," The Physics of Si0 2 and its
transistor before and after exposure to Interfaces, Pergamon, New YorZ, 1978.
hydrogen gas. The gain of the device (5] David N. Okada, Christopher K. Y. Chun,
decreased with hydrogen indicating a Lynelle K. Yoshimi, and James W. Holm-
hydrogen induced increase in emitter Kennedy, "Two Bipolar Devices for
surface recombination. Chemical Sensing: A Super Beta BJT and

The removal of the chemical species a Merged MOSBJT," Transducers '87
from the emitter surface should erase the Dicest of Technical Papers, Institute
chemical induced surface effects on the of Electrical Engineers of Japan, 1987.
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Thin Thermal Oxide:
Chemically sensitive region

si0 2  Base \ Emitter Collector

n Substrate

Figure 1: Cross-section of a chemically
sensitive bipolar junction transistor.
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Figure 2: Typical chemical sensitive BJT ICvs. VCE characteristics before and after
exposure to hydrogen. Solid lines are
before hydrogen exposure and dashed lines
are after hydrogen exposure. The base
current is in igA steps from 0 to 4pA.
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Figure 3: Typical chemical sensitive BJT 1C
vs. VCE characteristics before and after
exposure to UV light. Solid lines are
before UV illumination and dashed lines are
after UV illumination. The base current is
in lpA steps frcm 0 to 4pA.
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Abstract No. 742

A SOLID-STATE OXYGEN SENSOR represented as follows:
USING PROTON CONDUCTOR OPERATIVE AT ROOM TEMPERATURE H2 = 2 H' + 2 e- ()

The proton produced by Reaction (1) can migrate to the
Norio Miura and Noboru Yamazoe Sensing electrode through the NAFION membrane. If

Department of Materials Science and Technology, 'oxygen exists in the atmosphere around the sensing
Graduate School of Engineering Sciences, Kyushu electrode, the following electrochemical reduction (2)

University, Kasuga, Fukuoka 816 JAPAN takes place on the sensing electrode.
Shigeki Kuwata 02 + 4 H

+  
+ 4 e- = 2 H20 (2)

Department of Industrial Chemistry, Niihama National Therefore, the sensor cell eventually consists of an
College of Technology, Niihama, Ehime 792 JAPAN H2-02 fuel cell.

Solid-electrolyte oxygen sensors so far commer- The above structure needs a supply of H2 gas onto
cialized are classified into two types, i.e., poten- the counter electrode, which is disadvantageous for
tiometric type in which electromotive force (e.m.f.) miniaturization and simp)4vi:ation of the sensor ele-
varies logarithmically with oxygen partial pressure, cent. In order to osercont his demerit, Sensor B was
and amperometric type in which electrolytic current investigated, which had a hydrogen self-generation
usually varies linearly with oxygen concentration, system. In Sensor B, the electric current through
Both types have been commercialized typically by using Membrane I was defined as a sensing current. The
stabilized zirconia but these sensors must be operated sensing current increased with an increase in oxygen
at elevated temperature in order to ensure suffi- partial pressure at applied voltages of 1.0 and 1.5 V,
ciently large ionic conductivity. On the other hand, while the current at 0.7 V was considerably small and
low-temperature ionic conductors such as fluolide ion almost independent of oxygen partial pressure. This
conductors

I ) 
and proton conductors

2
,
3
) have recently suggests that the evolution of H2 from the cathode of

been applied to potentiometric oxygen sensors workable Membrane II took place sufficiently at applied voltage
at room temperature. For example, the sensors using of ca. 1.0 V, when oxygen was present over the sensing
LaF 3

4
) could respond to a change in oxygen partial electrode.

pressure rather quickly at 25 -C. Although such
potentiometric sensors can cover a broad range of The non-linear dependence of the sensing current
oxygen concentration, they are inferior in principle of Sensor B on oxygen partial pressure seemed to
to amperometric sensors in the accuracy of detection, suggest that the rate was determined by electrode
This prompted us to investigate an amperometric oxygen reactions, not gas-diffusion step. Then Sensor B was
sensor operative at room temperature. This paper covered with a porous sheet (0.2 mm thick) made with a
deals with a new amperometric oxygen sensor using a mixture of Teflon (20 wt%) and antimonic acid. With
NAFION membrane (proton conductor), this construction (Sensor C), an almost linear depen-

dence of the short-circuit current on oxygen partial
Three types of sensor (Sensors A, B, and C) were pressure was obtained, although the current values was

used in this study. Sensors A and B are illustrated far smaller than those of sensor B. This means that
in Fig. 1. A NAFION membrane (H4 type Nafion 117, 0.2 the porous sheet functions as a gas-diffusion layer.
mm thick) treated in boiling water for 2 h was used as The 90% response time of Sensor C to a change in
a solid electrolyte (proton conductor). The sensing oxygen partial pressure from 0.2 to 0.6 arm was ca. 3
and the counter Pt electrodes were attached onto the min at 25 *C. This value is fairly small compared
both sides of the NAtION membrane by means of chemical with that of the potentiometric ox gen sensor using
plating using chloroplatinic (V) acid. This membrane proton conductor reported before.

2 ,3

was then fixed to an end of pyrex glass tube by epoxy
resin and a H2(2%)-N2 mixture was allowed to flow over References
the counter electrode (Sensor A, prototype). In 1) G. Couturier, Y. Danto, R. Gibaud, and J.
Sensor B (improved type), another NAFION membrane Salardenne, Solid State lonics, 5, 621 (1981).
(Membrane II) with Pt electrodes was added beneath 2) N. Miura, H. Kato, N. Yamazoe, and T. Seiyama,
Sensor A (Membrane I) with a porous sheet of sponge Denki Kagaku, 52, 376 (1984).
being sandwiched in between. Humid air (70-80% rela- 3) S. Kuwata, N. miura, and N. Yamazoe, Nippon Kagaku
tive humidity) was allowed to flow inside the tube, Kaishi, 1987, 1518.
and DC voltage was applied between the cathode and the 4) N. Yamazoe, J. Hisamoto, N. Miura, and S. Kuwata,
anode of Membrane II in order to electrolyze water Sensors and Actuators, 12, 415 (1987).
vapor to supply hydrogen to the counter electrode of
Membrane I. Sample qases with various oxygen partial
pressures were prepared by mixing 02 with N2 and was
moistened by passing through liquid water to prevent
the NAtION membranes from drying. Response currents
of both sensors were measured in a sample gas flow of -tpt lea -
100 cm

3
/min at 25 'C by means of an electrometer, with ssss... . .

the Pt electrodes of Membrane I short-circuited. "ele-to
I Cuntr Vue

When moistened air was supplied to the counter ectrsc'
electrode of Sensor A, the response current was very A| . ..r tON

small (ca. 10
- 9 

A) and almost independent of the emiso I
oxygen partial pressure even when an external voltage [rousn se -$7 fi
of 1.0 V was applied. The supply of a H2 -N 2 mixture o .
over the counter electrode drastically increased the NAFION - /
current, which increased with an intrease in oxygen meenodn / IN)p arta rsue This suggests that an electrochem- II rtcs,ical psuracon nvolving oxygen takes plate at the t - -11<1
sensing electrode when H2 is supplied to the counter Ia nFt- . - .
electrode. It is noted that the responses to oxygen /Pt I r

partial pressures can be obtained without applying an (Sersor A) 11 1n
external voltage. The electrode reaction taking place t m
on the counter electrode in the presence of H

2 
can be F,9. , Structures of she oty1- s sensos unlno suttoN me-nrune -

:063



Abstract No. 743

COMPARISON BETWEEN THE SENSITIVITIES OF Pt- which,in turn,promotes the loosening of
ACTIVATED ZnO AND SnO 2 SENSORS IN HYDROGEN- oxygen-metal bonds.
AIR MIXTURES In good agreement with this hypotesis,from

N.NUTY'A' ,D.IARDUCCI,S.PIZZINI the experimental values of the exponent

Dipartimento Chimica Fisica,Universita di of the power law

Milano,Via Golgil9,Milano(Italy) 0 = G (1 +K H)

le have snown in previous papers
I
'
2 

that thin where a = E /kTwhich well describes tie H2
polycristalline films of aluminium doped ZnO partl pre sure aepenaence of the electrical
present a remarkably good sensitivity to hydro conductivity (see Fig.1) we obtain figures
gen in H -air mixtures in the 10-1000 ppm ran for the surface energy E whico are a sensi-
ge,but t~at this property is counterbalanced- ble function of the film

0
preparation procedu

by the occurence of a parasitic reaction. re as well of the temperature (See Table I)
Apparently,this reaction occurs at constant unless in the case of tin oxide films prepa
rate at any temperature in the range 200-300

°  
red from organometallic tin,where the amount

C,and provides additional current carriers in of disorder resulting from etherovalent ani-
excess to those arising from the reaction of ons should be negligible.
hydrogen with surface oxygen traps.It is there
fore necessary to correct the final sensor re REFERENCES
auings for this parasitic reaction contributi
on in oruer to have toe right conductivity fI 1.S.Pizzini,M.Palladino,N.Butta',C.,1.Mari
gure. Chemical Sensors,Proc.Vol.87-9 (19b7)
On tne contrary 3 ,at undoped microcrystalli- The Electrochen.Soc.Inc. , 99
ne films prepared either by spray pyrolysis 2.S.Pizzini,A.Ciambitto,R.Riva, 7.N.Mari
of SoCI solutions in ethyl acetate or of High tech Ceramics,P.Vincenzini Edt.
dibutnyl tin in ethyl acetate on electronic Elsevier Science Publ. Amsterdan(1987)
grade alumina substratesthe parasitic reac- 2155
tion occurs only up to 260°C in th8 case of 3.S.Pizzini,N.Butta',D.Narducci
tin oxide fro2, SnCl4 and up to 220 C in the J.Chem.Soc.Trans.Farad.Soc. Presented
case of tin oxide from organometallic tin.
This is not the only difference observed be-
tween the benaviour of InO and SnO2 thin This work has been entirely supported dor

film sensors. CNR,Progetto Finalizzato Materiali e uispoci-
.4ajor differences arise infact when the com- tivi per l'Elettronica a Stato Solido.

parison is made between ZnO and SnO films
prepared from organometaliic tin sofltions.
In this latter case not only a notewhorty TABLE I:Experiental values of LB (oV) for

scisitivity is observed also in the 1-10 ppua ZnO oxides and SnO 2 films.

rane (see tic.1) ,but also toe response times TOC o (eV)
are uefinitly soortened to less than 1 sec. o

I I I I I ZnO SnO (from SnO 2 (from
12S T- 573K SnCi 4 soln) organom.Sn)

. 215 .267 .197

_ 225 .34o .194
08 .- Sn02 ( Og) 240 .263 230

8 
"  

250 .202 . 012 6u) .310 .17,
•o 275 .5o1 .217 .1 0
04 300 .293 .16b .176

ZoO (Al)

0
-6 -5 -4 -3

log PH 2

Fiq.l: H2 partial pressure dependence of the
different sensors.

iThese results could be understood by consine-
rinq tuLat tne parasitic surface reaction is
associated to lattice disorder.
Actually,as a good example,the presence of
substitutional Cnlorine in the SnO lattice
sioulu bu accompained by the preseAce of an
excess of metal vacancies

.5 SlCl4 -V'- .5 Sn S + 2C1 I  + 0.5 VSn
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Abstract No. 744

THE USE OF BULK PIEZOELECTRIC CRYSTAL SENSORS An independent mass balance can also be written on the basis o

FOR REAL-TIME, IN SITU CORROSION ANALYSIS Faraday's law:

dmT/dt = F-
1

T(aliiM/n) (3)

Harold Hager*, Linda Sigalla
°
*, Thomas Nellikkattil

°
, where ij, MI, and ni represent the current density, molecular weight, and

and Norm Olson-', charge equivalents for all of the j charge transfer reactions. The
coefficient aj describes whether the reaction produces mass gain (aj).
mass loss (aj = -1) or no mass change (aj = 0).

*Boeing Electronics Company For the special case of a reaction system with two known corrosion
High Technology Center reactions, I and It, equation 3 can be written explicly as:

Seattle, Washington 98124
drn-T-dt=- F

1
l[(i.M/nl) ((iT-il).M/nll) [4!

Department of Chemical Engineering

University of Washington Equaling [21 and [41 yields one equation in the two experimental
Seattle, Washington 98195 variables, dt/dt and the total current density, iTotal. and one unknown

.... Battelle Pacific Northwest Laboratories variable , iI . This allows real-time analysis of current partitioning between
Richland, Washington 99352 two competing reactions.

Ranoe of Conditions and Materials

Although bulk piezoelectric crystal-based sensors have been Two chief restrictions apply to the use of bulk piezoelectric crystals
studied as sensors for a broad range of liquid phase analysis goals, it for corrosion analysis For the first, the working temperature range must
could be argued that few applications are as uniquely well suited for th,s not exceed the material stability limit of the piezoelectric crystal. For long
sensing tool as corrrosion characterization. The ability to directly obtain term applications this consideration must account not only for
both real-time electrode mass and electrochemical current data reduces mechanical stability, but also for solubility of the crystal in the fluid.
greatly much of the uncertainty and logistical complexity of corrosion The second restriction applies to the maximum material thickness
analysis, relative to conventionalcorrosion analysis approaches. that can be studied. The specimen mass must be much less than the
Moreover, the small sensor size and cost, together with the ability to crystal mass to avoid loading of the piezoelectric crystal, dictating that
apply a wide range of materials, give piezoelectric crystal-based the test piece be in a film form less than 10 microns thick.
corrosion monitoring system very useful characteristics for field and This latter constraint poses a controversial requirement
process stream analysis. production of a film electrode that faithfully mimics the corrosion

Despite these inherent advantages, industrial willingness to use behavior of a macroscopic piece of (nominally) the same material. This is
this new corrosion analysis tool depends, to a large degree, on the especially troublesome for polycrystalline alloys, where it is impossible
ability to demonstrate that this approach: to even approximate the same processing conditions for both the

macroscopic and film forms.
11 has a sound fundamental basis
21 can be applied under a broad range of conditions

to materials of interest Comparison with Accepted Corrosion Analysis Te, nnioues
3] gives results which are consistent with accepted

corrosion characterization techniques Polarization plots obtained at the University of Washington and at
Battelle Pacific Northwest Laboratories show results that are remarkably

Fundamental Basis similar for bulk iron samples and sputtered iron films in various hydroxide
and oxygenated inorganic salt solutions. Comparison between

It will be asssumed for the current discussion that fluid coupling sputtered thin film and bulk samples of stainless steels also show good
effects, such as would arise from viscous coupling, have been agreement. Variations in system temperature and gas sparging
accounted for the basis for performing such data analysis is presented conditions show similar elfects on the corrosion behavior of buk and
elsewhere (1,2). For the special cases of negligible variation in fluid sputtered electrode films of iron and iron alloys.
properties, the measured resonant frequency data requires no fluid Figure 1 co-plots the cell current and dh/dt vs the working
coupling correction, electrode potential, for an iron film electrode in 0 tN NaCI at 25'C The

The mass sensitivity of an oscillating piezoelectric crystal manifests variation of df/dt and current structure shown in this plot represent
itselt as a linear dependence between changes in the mass per unit regimes of differing Faradaic charge to reactant mass ratios, giving new
area, or areal mass density, Am, and the resonant frequency of the insighlt into the corrosion process control mechanisms active over the
crystal, At: potential range studied.

Finally, comparison of corrosion rates under zero net current
At=. S.A"r T  It conditions will be made, between data determined from piezoelectric

crystal resonant behavior and corrosion current data obtained from Talel
The sensitiity S, Is a geometric factor, dependent on the bulk plots.
piezoelectric crystal thickness. The total area mass density change is
given by AmT .

The temporal derivative of the resonant frequency represents the Rences
rate of mass change on the piezoelectric crystal electrode: 1. H. Hager. Chem. Engineering Comm, 43, 25 (1986)

dmT/df - - S-
1  

dt/dt [21 2. L. Sigalla, H. Hager, B Kowalski, and R Simpson. This Meeting,
October , 1988.
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Fig. I Polarizotlon Curc.s.of Nickel In 0.1 N NaCI
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Abstract No. 745

THE DEPENDENCE OF BULK PIEZOELECTRIC CRYSTAL electrical parameters are variable, A unified study ot all crystat/solution

RESONANCE BEHAVIOR ON FLUID PROPERTIES: couplings is the necessary next step before piezoelectric cryr al based

Imoplicalions to the Use of Piezoelectric Crystals for Fluid Analyis sensors can achieve broad applicability for fluid analysis

We have analyzed the impedance magnitude and phase as a

function of frequency for a large variety of binary solutions covc'ing a
Linda i ' Harold Hager~, Brce Kowalsl wide range of varying viscosities, densities, dielectric constanis

and Randall Simpson
molecular weights, concentration and specific conductivities Solutions

Department of Chemical Engineering used include alcoholfwater solutions, hydrogen peroxidetwater

University of Washington solutions, glycerol/water solutins, inorganic salt solutions, and acid
Seattle, Washington 98195 solutions.

"Boeing Electronics Company These experiments were pertormed tr each solution using
High Technology Center

Seattle. Washington 98124 several crystals of differing nominal resonant frequency and electrode

diameter The former diferences permit evaluation of posible
°Department ot Chemistrydiprinlecsnlidaaees

University 01 Washington dispersion effects in fluid paratelers

Seattle, Washington 98195 Variation in the electrode diameterlo-crystal thickness ratios

.... Lawrence Livermore National Laboratory provide a useful basis lot determining the influence of Iluid electrical

Livermore, CA 94550 parameters on crystal resonant behavior. Most importantly, this data

base also permits quantitative assessment of the coupling inleractions

Piezoelectric crystal-based sensors have been used routinely in between mechanical and electrical parameters

vacuum systems for measuring film deposition thicknesses. In these The statistical technique of partial least squares analysis has been

application, mass added to the crystal surface linearly decreases the used to relate the solution properties to the measured impedance

crystal resonant frequency; this frequency is used as a simple direct curves Partial least squares path modeling with latent variables (PLS) is

measure of mass deposition. In application of bulk piezoelectric crystal an algorithm tor relating one or more dependent vanables to two or more

sensors to liquid phase analysis, the resonant behavior of the crystal independent variables. This method allows the relaltonships between

depends on both adherent mass changes on the crystal and coupling many blocks of data (i e , data matrices) to be characterized The power

processes between the crystal and fluid The potential then exists to 0f PLS is due to the tact that the latent variables simultaneously describe

use the piezoelectric crystal as a monitor tor all of the fluid parameters the maximum predictive variance of a block, and provide maximoral Ilt to

which intluence this coupling the path model By using only the significant number ofl ent variables

Thus piezoelectric crystal based sensors offer promise tor in the procedure, a noise filtering effect is obtained which results in the

simultaneously sensing some or all of the following fluid properties: improved predictive ability of PLS.

viscosity, density. specific conductivity, and dielectric constant. These This statistical analysis was performed to
11 determine the percent variance ot the curves with each

tulid parameters also need to be accounted for when piezoelectric soluton property (viscosity. densy, dielectric constant

crystal based sensors are used for mass measurements, e.g., corrosion, and ionic strength) and groupings between these
properties

electrodeposition and adorption. for determination of fluid flow rates.

and for evakration Sf surface properties, such as surface tension and 21 determine significant soluiorcryctal coupling modes

surface roughness. 31 develop an equivalent circuit model. for a bulk

The resonant behavior of bulk piezoetectric quartz crystals in piezoelectric crystal in contact with a liquid, capable ol
accounting quantitatively for solution viscosity.

contact with liquids has been widely demonstrated to show a density, dielectric constant and ionic strength

dependence on the square root of the viscosity-density product, for This circuit representation will be compared directly with the

fluids at low viscosities, p < 0 t g-m-
t
s

1
. However, the measurement of Butterworth/Van Dyke equivalent circuit model used to describe

viscosity isolated from density alone. and the measurement of higher resonant behavior in a very low viscosity environment

viscosities has not yet been shown. And quantitative separation of the Finally, the implications of this coupling mode and equivalent

elfects of the many solution properties influencing the resonant circuit analysis to liquid phase sensing will be discussed Special

freq.uency of the piezoelectric crystal is still in debate emphasis will be given to defining the furamental limits for determining

Current models of te effects of solution properties on crystal multiple fluid parameters with a single piezoelectric rystal sensor The

resonant frequency tend to be inconclusive and empirical in nature related issue ot quantitative separation of crystalfluid coupling effects

More importantly, they are severely limited when more then one frorn resonant behavior effecls arising from adherent mass variations will

property is varying This is particularly true it both luid mechanical and also be addressed



Abstract No. 74b

REFERENCE ELECTRODES/SENSORS USING REFERENCES
LOW-RESISTIVITY GLASS MEMBRANES

1. L. Redey, I. Bloom and K. Rea, ';lass-Meobrane
Ira Bloom, J. J. Heiherger, M. A. Internoscia*, Reference Electrodes for Sodium- and Sulfur-

K. Rea**, and L. Redey ActivI-v Measurements," Extended Abstracts,
Chemical Technology Division Electro,hem. Soc. Meeting, Phils'elphia, PA, May
Argonne National Laboratory 10-15, 1987, Vol. 87-1, p. 718.
Argonne, IL 60439-4837

2. I. Bloom, J. Heiberger, K. Rea, and L. Redey,
"Sodium- and Sulfur-Activity Measurements Using

Development of miniature reference electrode Glass-Membrane Reference Electrodes/Sensors,"
systems tc measure either sodium or sodium Electrochem. Soc. Meeting, Hono: .lu, HI, October,
polysulfide activity has continued (1,2]. The 1987, Proceedings of the Symposium on Chemical
reference electrodes contain small (2-mm

2 
active Sensors, D. R. Turner, Ed., Vol. 87-9, . 155

area), thin membranes of a Na+-ion-conducting glass (1987).
which was developed as part of our work on glass
electrolytes for the Na/S cell (3,4]. The small, 3. G. H. Kucera, I. Bloom, and M. F. Roche, "Ionic
e.ectrochemically active area of the reference Conductivities and Glass Transition Temperatures of
electrode makes precise positioning possible in an Na20-ZrO 2-Al203 -SiO 2 Glasses," J. Ele.'rochem.
electrochemical system of interest. Soc., 133, 1996 (1986).

As we described previously (1,2], the reference 4. I. Bloom, J. Bradley, and M. F. Roche, "Chemical
electrode is made by attaching a thin membrane of Stability of Na20-ZrO2 -Al2 03-S!'2 Glasses in
glass tc a narrow, (ca. 3-nm OD), high-density Sodium, Sodium Polysulfides and Sulfur," 3.
a-A1203 tube. Once a reference material is sealed Electrochem. Soc., 134, 2102 (1987).
within it, the small active area behaves like a
Luggin capillary tip. 5. J. L. Sudworth, R. C. Galloway, and D. S. Dermot,

"Sodium Metal Chloride Batteries with Beta Alumina
From our work (1-4], we knew that no problems Electrolyte," Electric Vehicles, p. 14 (Autumn,

were innate to the operation of the reference 1987).
electrode in the temperature range of 120-400

0
C.

However, it was necessary to demonstrate the thermal
and operational limits of the glass. That is, we did
not know if glasses in the Na2 0-ZrO 2-Al203 -SiO2
system have sufficient chemical stability in a harsh
environment, such as Na at high temperatures, to
provide meaningful data. A reference electrode
containing Na2S2 was tested in Na at about 60

0
0C to

determine the chemicel stability of the glass as well
as the stability of the EMF. After equilibration, at
586

0
C, a stable EMF (12 mV) of 1.488 V was measured .. ............

for 11 hours. Thereafter, a sharp decrease in EMF
was observed. This decrease was due to electrode
failure. j

The utility of the reference electrode design was
further demonstrates y coulometric titr.tions of
NiCI2 and FeCl 2 electzodes (2 mAh capacity)
containing NaAlCl4 (1:1 by weight) in the temperature
range of 250-300

0
C. A typical plot for the titration

of FeCl2 at 250
0
C is given in Figure 1. The

coulometric titration precisely shows the expected
transition from the equilibrium represented by Eq. 1
(2.35 V) to that of Eq. 2 (2.34 V) [5). e* o o , ,. s

K.aF. eas
4FeCI2 - 6Ns '. Ns6FeCI 8 + 3Fe (i)

F ig 1. tEI N- 1, !- i, !-7 t,,-,i
Ns6FeCl 8 + 2Na '. 8NaCl + Fe (2) Tr. I t o I. ' !%N 1, F, I , \ ,

Work is in progress to extend the operating

temperature range to lower temperatures.
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